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Foreword

Animals that must hunt and kill for at least part of their living are inherently
interesting to many people. Perhaps that is because humans evolved to make our
living that way as well, and carnivores often compete with us to this very day.
Wolves, bears, lions, tigers, leopards, lynx, mink, weasels, and foxes, and a wide
variety of their relatives, have long grabbed the human imagination. In any case,
carnivores comprise a very significant contingent of the world’s wildlife, and many
books have been written about them.

This book is distinct from its predecessors primarily through its emphasis on
techniques for dealing with carnivores: how to sample them, capture them for study,
handle them, monitor them, and even how to help minimize their competition with
us. It is a very helpful book that fills an important niche and comes at the right time.

In many parts of the world carnivores are persecuted, while in other parts they
are being restored. Thus societies remain interested in carnivores for one reason or
another, and science serves society’s interest through numerous carnivore studies.
The authors of this book’s chapters have conducted a significant proportion of
those studies for many years, and the editors for even longer.

Both editors are well qualified to produce this book, having studied and worked
with carnivores and their conservation for decades. I had the great opportunity of
partnering with Luigi Boitani in 1974, early in his career, when we spent a month in
Italy’s AbruzzoMountains live-trapping, radio-collaring, and tracking wolves. I had
presented my paper “Current Techniques in the Study of Elusive Wilderness
Carnivores” at the Eleventh International Congress of Game Biologists in Stock-
holm in September 1973. It covered my experiences live-trapping and radio-
tracking wolves, fishers, martens, and lynxes as well as a literature review of current
techniques used to study other carnivores. I like to think of that paper as a germ that
helped spawn the present book. Luigi attended the Stockholm meeting, sought to
apply my techniques with wolves in Italy, and asked me to join him there to get
started. I eagerly agreed. Little did I realize then that 40 years later, Luigi and Roger
Powell would devote a whole book to techniques for studying carnivores.

During the same general period when I met Luigi, I also met Roger Powell.
Roger had joined my research team as a summer intern on a wolf–deer project in
the Superior National Forest of Minnesota, where we had also been radio-tracking
lynx, martens, and fishers on the side. The duties clearly agreed with him, for a few
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years later he began his own carnivore study, this one involving fishers. That study
became his dissertation topic, and I became one of his advisors.

That was all long ago, and the field has advanced greatly and blossomed. Now
instead of merely locating an animal via telemetry (a feat in itself years ago), one
searches the profuse literature, decides on study objectives, carefully plans the
study’s design, and chooses from any of the many high-tech radio-collars on the
commercial market that will best serve the objectives.

However, dealing with the most appropriate technology to study carnivores is
only a small part of carnivore investigations now. The data currently obtainable has
opened many new carnivore research vistas, and Boitani and Powell and their
collaborators have assembled a set of chapters that nicely address that array. An
early chapter on carnivore surveys, for example, is basic, for such surveys are of
special importance, both spatially and temporally. In some areas and with some
species, just obtaining a general idea of numbers and distribution can be very
important. Mapping such distributions plays a major role in these studies, and
non-invasive sampling is particularly valuable, especially with endangered or rare
species and in inaccessible areas. These subjects are well covered in this book.

In some areas of the world and with certain carnivores, detailed counts are
required annually. Sometimes with such counts it is valuable to estimate various
demographic parameters, and radio-telemetry often facilitates those estimates. To
collar carnivores, it is necessary to capture and handle them, allowing considerable
amounts of valuable data to be collected at that time. Once a carnivore is radio-
collared, data can be obtained about its movements, activity, home range or
territory, and dispersal. Often data about the creature’s predation and food habits
can also be collected, as well as information about its reproductive behavior. Several
chapters of this book deal with these subjects.

A subsidiary type of information, not directly related to a collared carnivore’s
movements, involves cause-specific mortality, including that from intraspecific
strife and diseases. Learning all this basic ecological, physiological, and behavioral
information then greatly aids in deriving mitigation measures for minimizing
depredation on livestock and other conflicts with humans, as well as facilitating
methods of restoring carnivores, monitoring the results, and furthering conserva-
tion efforts. Addressing those issues further rounds out this fine compendium.

Thus all in all, this book, edited by Luigi Boitani and Roger Powell, will be of
great use not only to carnivore researchers, but also to wildlife biologists through-
out the world who deal with carnivores, and it should stand as a milestone in the
carnivore-ecology and techniques literature for many years to come.

L. David Mech
US Geological Survey and University of Minnesota, USA

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

vi | Foreword



Contents

List of contributors xv

1. Introduction: research and conservation of carnivores 1

Luigi Boitani and Roger A. Powell

2. Designing carnivore surveys 8

Luigi Boitani, Paolo Ciucci, and Alessio Mortelliti

2.1 Challenges of surveying carnivores 10
2.2 Planning a survey 10

2.2.1 Fundamentals of survey design: establishing goals and objectives 11
2.2.2 Fundamentals of survey design: carnivore survey data 12
2.2.3 Fundamentals of survey design: sampling design, methods,

and protocols 13
2.2.4 Fundamentals of survey design: statistically formalizing

survey objectives 14

2.3 Dealing with false absence 15
2.3.1 The fast growing family of occupancy models 16
2.3.2 Assumptions of occupancy models: the importance of a

priori planning 16
2.3.3 Some practical issues 18
2.3.4 Designing an occupancy study 18

2.4 Key issues for developing a survey design 19
2.4.1 Target population and spatial extent of the survey 19
2.4.2 Attribute to measure 20
2.4.3 Sampling design 21
2.4.4 Sampling effort 25
2.4.5 Tackling system variability: measures of precision and

their meaning 26
2.4.6 Field methods 29

3. Mind the map: trips and pitfalls in making and reading

maps of carnivore distribution 31

Carlo Rondinini and Luigi Boitani

3.1 Maps based on expert knowledge 32
3.1.1 Geographic range maps 32
3.1.2 Deductive habitat suitability models (HSM) 33

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi



3.2 Maps based on species’ occurrence surveys 34
3.2.1 Types of data 34
3.2.2 Biological significance and time relevance 36
3.2.3 Extrapolating points to map the distribution of a population 38
3.2.4 Inductive HSM 42
3.2.5 Caveats and limitations of deductive and inductive HSM 45

4. Noninvasive sampling for carnivores 47

Marcella J. Kelly, Julie Betsch, Claudia Wultsch, Bernardo Mesa, and L. Scott Mills

4.1 Methods of noninvasive sampling 48
4.1.1 Sign surveys 48
4.1.2 Genetic sampling 49
4.1.3 Camera-trap sampling 54
4.1.4 Endocrine/hormone sampling 55

4.2 Recent tools and advances in noninvasive sampling 56
4.2.1 Noninvasive DNA techniques 56
4.2.2 Using noninvasive DNA data 59
4.2.3 Data collection, handling, and analyses with remote cameras 62
4.2.4 Data collection, handling, and analyses for endocrine studies 65

4.3 Combining noninvasive and traditional approaches 67
4.3.1 Comparative approaches among noninvasive techniques 67
4.3.2 Combining traditional with noninvasive approaches 68
4.3.3 Data quality and integrity in noninvasive surveys 69

5. Humane and efficient capture and handling methods for carnivores 70

Gilbert Proulx, Marc R. L. Cattet, and Roger A. Powell

5.1 Mechanical capture methods 72
5.1.1 Traps and sets 72
5.1.2 Trapping efficiency 73
5.1.3 Humaneness 74
5.1.4 Traps and sets for specific carnivores 75

5.2 Use of drugs for capture and restraint of carnivores 78
5.2.1 Drug access, storage, and handling 78
5.2.2 Selection of drugs for use in carnivores 79
5.2.3 Methods to administer drugs 81
5.2.4 The value of knowledge and experience 81

5.3 Identification, prevention, and treatment of medical emergencies

associated with capture 84
5.3.1 Homeostasis, stress, distress, and treatment of medical emergencies 84
5.3.2 Necropsy 86

5.4 Euthanasia 86

5.5 Restraining and marking techniques 88

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

viii | Contents



5.6 Designing effective trapping programs for carnivores 89

5.7 Animal welfare 89

Appendices 92

6. Carnivores in hand 130

Kerry R. Foresman

6.1 Aging 130

6.2 Standard body measurements 132
6.2.1 Body mass 133
6.2.2 Length measurements 133
6.2.3 Additional body measurements 136
6.2.4 Additional measurements, some to estimate age 137
6.2.5 Footpad patterns 137

6.3 Tooth eruption and measurements 137
6.3.1 Tooth eruption, wear, and age 138
6.3.2 Pulp cavity measurements and age 139
6.3.3 Cementum annuli and age 140

6.4 Skull and skeletal measurements 142
6.4.1 Skull measurements 142
6.4.2 Skull fusion and age 144
6.4.3 Skeletal morphology and age 144
6.4.4 Eye lens and age 144

6.5 Pelage and age 145

6.6 Sex and reproduction 145

6.7 Injuries 148

6.8 Physiological parameters 148
6.8.1 Blood 149
6.8.2 Tissue samples 149
6.8.3 Other samples 150

6.9 Bioelectrical impedance 150

6.10 Asymmetry 151

7. Radio-telemetry equipment and applications for carnivores 152

Mark R. Fuller and Todd K. Fuller

7.1 General background 152

7.2 Basic telemetry system 156

7.3 Radio-tracking field procedures 163

7.4 Satellite telemetry systems 163

7.5 Radio-telemetry applications for carnivores 166

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

Contents | ix



8. Estimating demographic parameters 169

Ken H. Pollock, James D. Nichols, and K. Ullas Karanth

8.1 Combined challenges of carnivore ecology and survey logistics 170

8.2 Detection probabilities and demographic inference 171

8.3 Capture–recapture models 174
8.3.1 Closed models 175
8.3.2 Open models 177
8.3.3 Robust design models 178
8.3.4 Natural individual tags 178
8.3.5 Design of capture–recapture studies 180

8.4 Telemetry mortality models 180
8.4.1 Survival models 180
8.4.2 Combining telemetry and regular mark–recapture

models in one overall analysis 181

8.5 Occupancy models 181
8.5.1 Single-season models 181
8.5.2 Multi-season models 183
8.5.3 Software and study design 184

8.6 Probability sampling of carnivore tracks to estimate population density 185

8.7 Final thoughts 185

9. Movements, home ranges, activity, and dispersal 188

Roger A. Powell

9.1 Research design 189

9.2 Movements 191

9.3 Home range 193

9.4 Territories 196

9.5 Estimating animals’ home-ranges and territories 199

9.6 Home-range cores, overlap, and territoriality 208
9.6.1 Home-range cores 208
9.6.2 Home-range overlap 213
9.6.3 Static interactions 214
9.6.4 Dynamic interactions 215
9.6.5 Testing for territoriality 216

9.7 Parting thoughts 216

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

x | Contents



10. Carnivore habitat ecology: integrating theory and application 218

Michael S. Mitchell and Mark Hebblewhite

10.1 What is habitat? 219
10.1.1 Potential, sink, quality, source, suitable, or critical?

What kind of habitat is it? 220
10.1.2 A fitness-based definition of habitat 222

10.2 What is carnivore habitat? 227

10.3 Measuring habitat use and selection by carnivores 232
10.3.1 The over-riding importance of questions 233
10.3.2 Why should carnivores be selective? 234
10.3.3 The importance of scale 236
10.3.4 Density dependence and habitat selection 237
10.3.5 Understanding habitat selection: study design 238
10.3.6 Using resource-selection functions and other approaches 240
10.3.7 Functional responses in resource selection 243
10.3.8 The importance of defining availability: recent advances

from the field of movement modeling 244
10.3.9 Quantifying resources 246

10.4 Linking habitat selection to population consequences 250
10.4.1 Habitat-based population estimates 251
10.4.2 Combining habitat and spatial models of mortality risk 252
10.4.3 Spatially explicit population models 253

10.5 Conclusions 255

11. Describing food habits and predation: field methods

and statistical considerations 256

Erlend B. Nilsen, David Christianson, Jean-Michel Gaillard, Duncan

Halley, John D.C. Linnell, Morten Odden, Manuela Panzacchi,

Carole Toı̈go, and Barbara Zimmermann

11.1 Quantifying predators’ diets 256
11.1.1 Scat analysis 256
11.1.2 Analysis of partly digested food items 259
11.1.3 Snow- and sandtracking 259
11.1.4 Telemetry-based methods to study predator diet 260

11.2 Ecological inferences from diet data 262
11.2.1 Quantifying kill rates and functional responses 262
11.2.2 Studying selection—the difference between use and availability 264
11.2.3 Quantifying food niche breadth and diet overlap 266

11.3 Using stable isotopes to infer trophic interactions 267

11.4 Estimating non-lethal effects of predation 269

11.5 Some further challenges 271

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

Contents | xi



12. Reproductive biology and endocrine studies 273

Cheryl S. Asa

12.1 Carnivore reproductive physiology: the basics 273
12.1.1 Puberty 273
12.1.2 Seasonal reproduction 275

12.2 Stages of the female reproductive cycle 276
12.2.1 Pregnancy 278
12.2.2 Delayed implantation or embryonic diapause 279
12.2.3 Seasonal and lactational anovulation 280
12.2.4 Frequency of ovarian cycles 280

12.3 The endocrinology of stress 280

12.4 Endocrine studies and sampling strategies 281

12.5 Sample collection 284
12.5.1 Blood 284
12.5.2 Urine 285
12.5.3 Feces 286
12.5.4 Saliva 288
12.5.5 Hair 288

12.6 Non-endocrine techniques for studying reproduction 289
12.6.1 Males 289
12.6.2 Females 289

12.7 Gamete preservation and assisted reproduction 291

12.8 Control of reproduction 292

13. Investigating cause-specific mortality and diseases in

carnivores: tools and techniques 294

Greta M. Wengert, Mourad W. Gabriel, and Deana L. Clifford

13.1 Determining causes of mortality in carnivores 294
13.1.1 Locating dead animals to determine cause-specific mortality 295
13.1.2 Handling dead animals and important precautions 296
13.1.3 Field-data collection at mortality sites 296
13.1.4 The clinical necropsy 297
13.1.5 When clinical necropsies just aren’t feasible—a

quick guide to field necropsy 298
13.1.6 Field and laboratory investigation of intraguild predation 298

13.2 Studying disease and pathogen cycles in carnivores 300
13.2.1 Detection of disease, infection, and pathogen exposure 300
13.2.2 Epizootiology in carnivore populations 305
13.2.3 Modeling techniques in disease ecology 308

13.3 Prevention and control of disease 310
13.3.1 Intervention options: removing the causative factor 310
13.3.2 Intervention options: manipulating the host population 310

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

xii | Contents



13.3.3 Intervention options: manipulating sympatric species

including domestic animals 312
13.3.4 Intervention options: addressing human activities 313

14. Mitigation methods for conflicts associated with carnivore

depredation on livestock 314

John D. C. Linnell, John Odden, and Annette Mertens

14.1 Who kills whom? 315

14.2 Documenting depredation 315

14.3 The ecology of depredation and its mitigation 319
14.3.1 Avoiding encounters between carnivores and livestock 319
14.3.2 Preventing the recognition of livestock as potential prey 321
14.3.3 Preventing access to livestock by carnivores 324

14.4 Compensation 328

14.5 Integrating mitigation into agricultural policy 330

15. Carnivore restoration 333

Michael K. Stoskopf

15.1 Human dimension 334
15.1.1 Cultural issues 334
15.1.2 Political and jurisdictional issues 335
15.1.3 Economics 335

15.2 Environmental and habitat dimension 337
15.2.1 Topography 337
15.2.2 Climate 338
15.2.3 Anthropogenic features 339
15.2.4 Prey base 339
15.2.5 Health-risk assessment 339

15.3 Animal dimension 340
15.3.1 Carnivore–carnivore interactions 340
15.3.2 Carnivore-prey interactions 342
15.3.3 Selecting founder populations 342
15.3.4 Use of captive animals for restoration 342
15.3.5 Genetic management 344
15.3.6 Hybridization and introgression management 345
15.3.7 Health management and biosecurity 346
15.3.8 Health interventions 347
15.3.9 Adaptive management 348
15.3.10 Release methods 349
15.3.11 Population augmentation 350

15.4 Exit strategy 351

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

Contents | xiii



16. Designing a monitoring plan 353

Eric M. Gese, Hilary S. Cooley, and Frederick F. Knowlton

16.1 Identifying questions and monitoring designs 354

16.2 Developing a monitoring program 355

16.3 Evaluating the monitoring plan 358
16.3.1 Thresholds and trigger points 358
16.3.2 Forecasting trends 359
16.3.3 Predicting patterns over space and time 359
16.3.4 Integrating monitoring data 360
16.3.5 Risk analysis 360

16.4 Changing the monitoring plan 360

17. Assessing conservation status and units for conservation 362

Urs Breitenmoser, Christine Breitenmoser-Würsten, and Luigi Boitani

17.1 Assessing extinction risks for carnivore populations 363

17.2 Identifying and delineating carnivore conservation units 368
17.2.1 Choosing biological entities 368
17.2.2 Socio-political considerations 371
17.2.3 Geographic delineation 373

17.3 Designating and establishing carnivore conservation units 375

17.4 Final thoughts 378

References 379

Index 491

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

xiv | Contents



List of contributors

Cheryl S. Asa Saint Louis Zoo, 1 Government Drive, St. Louis, MO 63110, USA.
E-mail: Asa@stlzoo.org

Julie Betsch Wildlife Biology Program, Department of Ecosystem and Conservation
Sciences, University of Montana, Missoula, MT 59812 USA.
E-mail: juliebetsch@gmail.com

Luigi BoitaniDepartment of Biology and Biotechnologies, Sapienza Università di Roma,
Viale dell’Università 32, 00185 Roma, Italy. E-mail: luigi.boitani@uniroma1.it

Urs Breitenmoser Institute of Veterinary Virology, Vetsuisse Faculty, University of
Berne, Länggass-Strasse 122, CH-3012 Bern, Switzerland.
E-mail: u.breitenmoser@kora.ch

Christine Breitenmoser-Würsten KORA, Thunstrasse 31, CH-3074 Muri,
Switzerland. E-mail: ch.breitenmoser@kora.ch

Marc R. L. Cattet Canadian Cooperative Wildlife Health Centre, Western College of
Veterinary Medicine, University of Saskatchewan, 52 Campus Drive, Saskatoon,
Saskatchewan, S7N 5B4, Canada. E-mail: marc.cattet@usask.ca

Paolo CiucciDepartment of Biology and Biotechnologies, Sapienza Università di Roma,
Viale dell’Università 32, 00185 Roma, Italy. E-mail: paolo.ciucci@uniroma1.it

Deana L. Clifford California Department of Fish and Game, Wildlife Investigations Lab,
1701 Nimbus Road, Rancho Cordova, CA 95670, USA and Wildlife Health Center,
University of California, Davis, CA 95616, USA. E-mail: dlclifford@ucdavis.edu

Hilary S. Cooley US Fish and Wildlife Service, Idaho Fish and Wildlife Office, Boise,
ID 83709, USA. E-mail: hilarycooley@gmail.com

David Christianson Department of Ecology, Montana State University, 310 Lewis
Hall, Bozeman, Montana, USA. E-mail: davealanchris@yahoo.com

Kerry R. Foresman Division of Biological Sciences, The University of Montana,
Missoula, MT 59812, USA. E-mail: foresman@mso.umt.edu

Mark R. Fuller US Geological Survey, Forest and Rangeland Ecosystem Science Center,
and Boise State University - Raptor Research Center, 970 Lusk St., Boise, Idaho
83706 USA. E-mail: mark_fuller@usgs.gov

Todd K. Fuller Department of Environmental Conservation, University of
Massachusetts, 160 Holdsworth Way, Amherst, MA 01003-9285 USA.
E-mail: tkfuller@eco.umass.edu

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi



Mourad W. Gabriel Integral Ecology Research Center, 102 Larson Heights Road,
McKinleyville, CA 95519 USA and Veterinary Genetics Laboratory, University of
California, Davis, 95616 USA. E-mail: mwgabriel@ucdavis.edu

Jean-Michel Gaillard UMR CNRS 5558 “Biometrie et Biologie Evolutive”, Bât.
G. Mendel, Université Lyon 1, 43 boulevard du 11 novembre 1918, 69622
Villeurbanne Cedex, France. E-mail: jean-michel.gaillard@univ-lyon1.fr

Eric M. Gese US Department of Agriculture, Wildlife Services, National Wildlife
Research Center, Department of Wildland Resources, Utah State University, Logan,
UT 84322-5230, USA. E-mail: eric.gese@usu.edu

Duncan Halley Norwegian Institute for Nature Research, Tungasletta 2, NO-7485
Trondheim, Norway. E-mail: Duncan.Halley@nina.no

Mark Hebblewhite Wildlife Biology Program, Department of Ecosystem and
Conservation Sciences, University of Montana, Missoula, MT, 59812, USA.
E-mail: mark.hebblewhite@cfc.umt.edu

K. Ullas Karanth Wildlife Conservation Society, Centre for Wildlife Studies, 26-2, Aga
Abbas Ali Road (Apt:403), Bangalore, Karnataka-560042, India.
E-mail: ukaranth@wcs.org

Marcella J. Kelly Department of Fish and Wildlife Conservation, 146 Cheatham Hall,
Virginia Tech, Blacksburg, VA 24061-0321. USA. E-mail: makelly2@vt.edu

Frederick F. Knowlton US Department of Agriculture, Wildlife Services, National
Wildlife Research Center, Department of Wildland Resources, Utah State University,
Logan, UT 84322-5230, USA. E-mail: ffknowlton@msn.com

John D.C. Linnell Norwegian Institute for Nature Research, Tungasletta 2, NO-7485
Trondheim, Norway. E-mail: John.Linnell@nina.no

Annette Mertens Institute of Applied Ecology, Via B. Eustachio 10, 00161 Rome,
Italy. E-mail: mertens.annette@gmail.com

Bernardo Mesa Department of Fish and Wildlife Conservation, 318 Cheatham Hall,
Virginia Tech, Blacksburg, VA 24061-0321. USA. E-mail: bmesa@vt.edu

L. Scott Mills Wildlife Biology Program, Department of Ecosystem and Conservation
Sciences, University of Montana; Missoula, MT, 59812 USA.
E-mail: LScott.mills@umontana.edu

Michael S. Mitchell US Geological Survey, Montana Cooperative Wildlife Research
Unit, 205 Natural Science Building, University of Montana, Missoula, MT 59812,
USA. E-mail: mike.mitchell@umontana.edu

Alessio Mortelliti Department of Biology and Biotechnologies, Sapienza Università di
Roma, Viale dell’Università 32, 00185 Roma, Italy.
E-mail: alessio.mortelliti@uniroma1.it

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

xvi | List of contributors



James D. Nichols Patuxent Wildlife Research Center, 12100 Beech Forest Dr., Laurel,
MD 20708-4017, USA. E-mail: jnichols@usgs.gov

Erlend B. Nilsen Norwegian Institute for Nature Research, Tungasletta 2, NO-7485
Trondheim, Norway. E-mail: Erlend.Nilsen@nina.no

John Odden Norwegian Institute for Nature Research, Tungasletta 2, NO-7485
Trondheim, Norway. E-mail: john.odden@nina.no

Morten Odden Faculty of Forestry and Wildlife Management, Hedmark University
College, Evenstad, NO-2480 Koppang, Norway. E-mail: morten.odden@hihm.no

Manuela PanzacchiNorwegian Institute for Nature Research, Tungasletta 2, NO-7485
Trondheim, Norway. E-mail: manuela.panzacchi@nina.no

Kenneth H. Pollock Centre for Fish and Fisheries Research, Murdoch University,
Murdoch, WA, Australia. E-mail: K.Pollock@murdoch.edu.au

Roger A. Powell, Department of Biology, North Carolina State University, Raleigh, NC
27695-7617, USA. E-mail: newf@ncsu.edu

Gilbert Proulx Alpha Wildlife Research & Management Ltd., 229 Lilac Terrace,
Sherwood Park, Alberta, T8H 1W3 Canada. E-mail: gproulx@alphawildlife.ca

Carlo Rondinini Department of Biology and Biotechnologies, Sapienza Università di
Roma, Viale dell’Università 32, 00185 Roma, Italy.
E-mail: carlo.rondinini@uniroma1.it

Michael K. StoskopfDepartment of Companion Animal and Special Species Medicine,
College of Veterinary Medicine, North Carolina State University, 4700 Hillsborough
St., Raleigh, North Carolina, 27606, USA. E-mail: michael_stoskopf@ncsu.edu

Carole Toı̈go ONCFS, 5 allée de Bethléem, ZI Mayencin, 38610 Gières, France.
E-mail: c.toigo@oncfs.gouv.fr

Greta M. Wengert Integral Ecology Research Center, 102 Larson Heights Road,
McKinleyville, CA 95519 USA and Veterinary Genetics Laboratory, University of
California, Davis, CA 95616 USA. E-mail: gmwengert@ucdavis.edu

Claudia Wultsch Department of Fish and Wildlife Conservation, 318 Cheatham Hall,
Virginia Tech, Blacksburg, VA 24061-0321. USA. E-mail: wultschc@vt.edu

Barbara Zimmermann Faculty of Forestry and Wildlife Management, Hedmark
University College, Evenstad, NO-2480 Koppang, Norway.
E-mail: barbara.zimmermann@hihm.no

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

List of contributors | xvii



1
Introduction: research and conservation

of carnivores

Luigi Boitani and Roger A. Powell

This is a book about carnivores but, more so, it is a book about techniques for
studying carnivores. The emphasis is on the diverse ways that researchers and
managers study carnivores, from documenting presence and absence and counting
numbers; to studying individuals and populations remotely or interactively; to
understanding movements, habitat, physiology, and disease; to helping popula-
tions recover or limiting damage to livestock. The ways one can study carnivores
are as diverse as the carnivores themselves.

The diversity of carnivores contributes to the diversity of study techniques. The
Carnivora includes some 230+ species, the exact number depending on the species’
concept used and systematic techniques used to generate phylogenies. Carnivores
live throughout all continents except Antarctica, from sea level to> 5000 m (snow
leopards, Uncia uncia), and in all habitats, from deserts to rain forests, from tropics
to the arctic, and including densely populated urban areas. Although we often
associate carnivores with wilderness and remote areas, many have adapted to
human-made habitats. Some stone martens (Martes foina) live in dense urban
centers of some European cities, often resting in attics of houses and under the
hoods of cars. Raccoons (Procyon lotor) have colonized many North American
cities, also sometimes resting in attics but more often resting and denning in hollow
trees or, like striped skunks (Mephitis mephitis), under houses. In fact, except for
those that are strict specialists (e.g. giant pandas, Ailuropoda melanoleuca; black-
footed ferrets, Mustela nigripes), carnivores can be remarkably flexible in their use
of human-made habitats, depending on the level of persecution. Black bears (Ursus
americanus) make winter dens under people’s houses, wolves (Canis lupus) and
black and brown bears (Ursus arctos) scavenge in dumps, and tigers (Panthera tigris)
and polar bears (Ursus maritimus) sometimes hunt people in towns and villages.
The research used as examples in this book spans the diversity of carnivore habitats
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from areas with no permanent human inhabitants, through areas with various
levels of sparse human occupation, to areas with dense human populations and
highly altered habitats.

The diversity of carnivores, however, does not end with habitats. Carnivores
span over four orders of magnitude in weight, from female least weasels (Mustela
rixosa formerlyMustela nivalis) weighing less than 50 g to male polar bears reaching
600 kg. They vary similarly in densities, from urban racoons with densities
exceeding 100/km2 to wolverines (Gulo gulo) and far northern bears (polar,
brown, and black) and wolves with home ranges of 100s to >1000s of km2.
And, while black-footed ferrets are recovering from a population low of 10
individuals and other carnivores are similarly endangered, small Asian mongooses
(Herpestes javanicus) are invasive on the West Indies and Hawaiian Islands.

Although “carnivore” means meat eater, members of the Carnivora have diets
that span the entire spectrum. Some are strict carnivores (many felids and muste-
lids), many scavenge, have some level of omnivory (canids to most ursids
and procyonids), or are insectivorous (some mongooses, canids, and aardwolves,
Proteles cristatus), and giant pandas are strictly vegetarian. For predatory carnivores,
hunting strategies include ambush, stalking, chasing, and hunting in groups.
Indeed, many carnivores are highly social and have highly complex social behaviors
and capabilities, to the extent that humans domesticated wolves to become dogs
(Canis familiaris), with which they have since coevolved.

The consequence of this “diverse diversity” of carnivores, and the diversity of
human relationships with carnivores, is that developing a book on techniques for
studying carnivores has been challenging. The diversity within the group is truly
astounding and makes generalizations nigh onto impossible, except, perhaps, for
one: in all their diverse personifications, carnivores are iconic. They all have
charisma, from tigers, lions (Panthera leo), brown and polar bears, to the weasels,
whose personalities outsize their bodies. We, the editors of this book, admit to
being awestruck by carnivores and deeply moved by them. Where carnivores are
endangered, they are flagship animals that capture human attention and, thereby,
provide protection for other species and sometimes whole ecological communities.
Within this book, our authors present diverse techniques for studying carnivores
and present diverse perspectives on the objectives and goals possible for study.

In addition, because of the diversity of carnivores, a book of study and research
techniques has the potential to be applicable to many other mammals as well.
Carnivores are elusive and require diverse, and often sophisticated, techniques to
get information on their ecology and behavior; these techniques can be used with
animals from other groups. Nonetheless, no technique, no matter how advanced or
sophisticated, is of much value unless a researcher or a manager understands the
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animals being studied. A researcher’s goal should be to predict how carnivores
think as they live in their individual environments. Thinking like an animal is the
best technique and is the overarching mind frame needed to make the most of any
technique. As Mike Mitchell has called it, we should seek to “crawl inside their
furbrains” to understand how they work.

Beyond good, tried-and-true techniques and the latest technological advances,
this book also emphasizes the conceptual framework needed to plan, to design, and
to implement research in ways that optimize the use of good techniques. Many
authors in the book refer to the rigorous application of the scientific method,
noting that research starts with (1) solid hypotheses based on the biology of the
animals, (2) explicit and acceptable assumptions, (3) sound experimental design,
and (4) rigorous application of appropriate field and analytical techniques. Rapid
advances in technical and analytical capabilities cannot substitute for sound
research planning. In fact, advanced capabilities require the strongest of scientific
frameworks to avoid having the techniques drive the research, which inevitably
leads to unproductive research.

Similarly, today’s conservation needs call for evidence-based action: explicit
evidence showing the need for conservation action and explicit evidence showing
the effectiveness of specific techniques.

The study of carnivores has a long history. The early monographs by Murie
(1940, 1944), Errington (1943), and Mech (1966) on coyotes (Canis latrtans),
minks (Mustela vison), and wolves, the work of the Craigheads (1956) on predator
communities, and then the monographs by Schaller (1967, 1972) and Kruuk
(1972b) on tigers, lions, and spotted hyaenas (Crocuta crocuta), established a solid
foundation for research on carnivores. These early researchers obtained their hard-
earned data from long, arduous hours in the field using little of what we would call
“modern technology.” Their research endures because their data were, and still are,
solid. Starting with the advent of telemetry, with research on carnivores in the
1960s (Craighead and Craighead 1971), “modern technology” began making good
data easier to collect and opened a diversity of possibilities for research. Indeed,
Errington and Murie would have had trouble conceiving of the potential informa-
tion available using DNA collected from carnivores, often remotely, because their
early research was done before DNA was known to carry genetic codes. Since those
early studies, the literature on the ecology, behavior, and conservation of carnivores
has expanded exponentially, making this handbook of research techniques
possible.

The rich methodology now available for the study of carnivores opens many
opportunities and challenges not possible only a few years ago. Key challenges in
ecology and behavior of carnivores include the following.
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1. The basic natural histories are unknown for many species, especially in
developing countries. New (and future) techniques in remote sampling
offer possibilities for obtaining basic information on the most elusive carni-
vores in remote locations.

2. We need more studies of known species in new ecological contexts. Ecologi-
cal, behavioral, and evolutionary theory, and the responses to carnivores in
well-studied contexts, can provide solid hypotheses for how, and most
importantly why, carnivores should respond in new situations.

3. Carnivore guilds, resources partitioning, niches, competition, intra-guild
predation and mutualisms (yes, mutualisms) are only narrowly understood,
if at all. Is intra-guild predation a special type of interference competition, as
predicted by behavioral theory, or simply an extension of interference not
available to non-predatory competitors who lack weapons? Are so few cases
of mutualism documented because few exist, because each case must result
from learning by individual animals, or because biologists in Western society
are programmed to see competition but not mutualisms?

4. The community-wide effects of predation are just beginning to be under-
stood and need further study. The indirect effects of wolves on riparian
vegetation and hydrology in Yellowstone National Park sparked well-
deserved excitement among biologists and conservationists. Surely such
effects are widespread among carnivores.

5. Why and how do animals use habitats, what do habitats provide, and what
are their biological functions? Are habitats important to carnivores because
they provide direct benefits (den or rest sites, for example), because they
affect prey abundance, or because they affect the abilities of carnivores to
catch prey? We cannot answer these simple questions for most carnivores.
Indeed, we do not understand habitat from the animals’ points of view for
any but a couple of carnivore species.

Key challenges for conservation are, unfortunately, still many and include the
following.

1. Most carnivore species are endangered and many will soon start vanishing.
Lions are predicted to go extinct in the wild by 2030. With valiant efforts,
black-footed ferrets have been pulled back from extinction (indeed, they
were considered extinct in the 1970s) but all wild populations are threatened
by presently unsolvable problems of endemic diseases. Some carnivore
populations are so poorly known that conservation status cannot be defined
(e.g. Mustela felipei, M. africana, M. nudipes, M. kathiah just to mention a
few within a single, narrow taxon).
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2. Ecological functions of carnivores within communities are poorly under-
stood, putting the ecological integrity of communities in danger as carnivore
population become low.

3. Coexistence of carnivores with humans, especially large carnivores, depends
on developing strategies to deal with livestock depredation, a complex issue
that involves the integration of biological as well as social and economic
aspects.

4. Similarly, some urban carnivores compete with humans, often for space.
Stone martens and raccoons consistently damage the buildings they inhabit,
and coyotes expand their hunting ranges into residential areas, often killing
pets.

5. Invasive carnivores cause conservation problems for other species, either via
predation (e.g. stoat, Mustela erminea, predation on native birds in New
Zealand, including the iconic brown kiwis, Apteryx mantelli); via competi-
tion (e.g. American minks outcompeting European minks,Mustela lutreola);
or via hybridization (e.g. coyotes hybridizing with red wolves, Canis rufus, in
the only free-living red wolf population, in coastal North Carolina, USA).

6. Feral and free-ranging cats (Felis catus) constitute serious invasive-predator
problems. Domestic cats prey on endangered species and have caused many
species to become endangered (cats have caused more endangerment than
any other species except humans); compete with other predators, some
endangered; and hybridize with European wildcats (Felis sylvestris). In addi-
tion, cats are consistently provisioned by humans, intentionally or uninten-
tionally, exacerbating all the problems. To a lesser extent, domestic dogs also
cause similar conservation problems.

This book presents the techniques now available to tackle these ecological and
conservation challenges. Forty-one authors, chosen for their backgrounds and
experience pertinent to the specific needs of each chapter, have contributed to
the 17 chapters, presenting information gained from hundreds of cumulative years
of research on, and management of, carnivores. We hope that the book becomes a
standard resource for researchers, managers, and conservationists who study and
manage carnivores. It is also appropriate for graduate students and for graduate
reading courses.

The book has been designed to be read from front to back. It is divided
informally into four sections: some introductory concepts (Chapters 2 and 3),
data collection (Chapters 4–7), data analysis and design (Chapters 8–13), and
human–carnivore interactions for conservation and mitigation (Chapter 14–17).
Each section builds on the sections that come before it. Nonetheless, the chapters
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have been written so that readers can choose to read individual chapters. Each
chapter cites the other chapters that introduce critical, background concepts,
showing readers where to turn to “fill in” information on narrow topics.

Chapters 2 and 3 cover survey design and mapping. These chapters highlight
how research and conservation goals and objectives dictate study design, which
then dictates the techniques to be used. This point is repeated elsewhere in the
book: goals dictate design, which dictates technique, not the other way around.
Paolo Ciucci and Alessio Mortelliti have great experience in planning and imple-
menting field experiments under rigorous sampling design, and Carlo Rondinini is
a leading author in the field of species distribution models.

Chapter 4 introduces the many noninvasive study methods available to research-
ers and managers today. In her research on cheetahs (Acinonyx jubatus), Marcella
Kelly was one of the first people to use computer programming to identify
individual mammals from coat patterns; her coauthors complement her experience
with the diversity of noninvasive techniques. Often, however, research requires
having animals in hand. Thus, Chapter 5 provides thorough information on how
to humanely live-trap and kill-trap and handle carnivores. The chapter includes
extensive tables on traps, sets, drugs, and handling techniques. Gilbert Proulx has
extensive experience with testing traps for humane capture, and he and his
coauthors have handled diverse carnivores. Once a carnivore is in hand, one should
collect as much data as possible (Chapter 6); doing so may prevent the need to
capture other animals (or the same animals) in the future. Kerry Foresman has
handled a wide diversity of carnivores and teaches a course on making the most of
having an animal in hand. Mark and Todd Fuller, in Chapter 7, introduce the
diversity of telemetry equipment now available for use with carnivores and high-
light how best to use different types of equipment. Together, they have decades of
experience working with the most advanced telemetry techniques.

In Chapter 8, Ken Pollock, Ullas Karanth, and Jim Nichols present state-of-the
art approaches to using diverse data to understand demographics of populations.
Ken and his coworkers have been driving forces in research on statistical
approaches to population data. Chapter 9 starts with another discussion of research
design, emphasizing that researchers and managers must understand the concepts
pertinent to their goals before they can design research. In this chapter, I (R.A.
Powell) define terms and concepts related to movements and home ranges and
discuss how different ways of analyzing data are appropriate for different goals. In
Chapter 10, Mike Mitchell and Mark Hebblewhite emphasize the importance of
understanding what habitat is for carnivores, and that it must be defined function-
ally, not descriptively, from the animals’ perspective. These authors have shown how
research on habitat must answer “why” questions. Erlend Nilsen and coworkers, in
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Chapter11, present techniques for studying and analyzing carnivores’ diets,
techniques that go far beyond the dogmatic standard of scat analysis. Nilsen and
his coauthors have decades of joint experience in studying predator–prey relation-
ships and quantifying the impact of predation on the dynamics of prey popula-
tions. Cheryl Asa (Chapter 12), with tremendous experience studying reproductive
endocrinology of carnivores, provides an overview of many techniques available for
physiological studies of carnivores. Greta Wengert and her coworkers (Chapter 13)
introduce their cutting-edge approaches to investigating mortality and diseases of
carnivores, and explain clearly how researchers and managers without background
in pathology can still collect samples and data allowing the most up-to-date
analyses.

Chapter 14, by John Linnell and coauthors, tackles the difficult concepts of how
to deal with carnivores and people, where carnivores kill livestock. Managing large
carnivore populations in human-dominated landscapes is not an easy task and
Linnell and his coauthors have built their extensive expertise on a diversity of
situations on all continents. Michael Stoskopf (Chapter 15), who has chaired the
red wolf recovery implementation team, a science committee that guides the
research and management of the reintroduced population of red wolves, covers
the topic of reintroducing and otherwise restoring extirpated and endangered
populations of carnivores. He emphasizes the importance of not only populations
and demographics, but also of health and disease. In Chapter 16, Eric Gese and his
coauthors present approaches to monitoring, again emphasizing that objectives and
goals must precede study design, which then dictates techniques. For years, they
have been using techniques ranging from the traditional to the most advanced
in monitoring carnivore populations in diverse ecological contexts. Finally, the
Breitenmoser team (Chapter 17) provide a tremendous overview of the techniques
to assess conservation status and the most appropriate approaches for planning
conservation measures. Urs and Christine Breitenmoser are responsible for research
and monitoring of the large carnivores in Switzerland and are co-chairs of
the IUCN/SSC Cat Specialist Groups. They have first-hand experience in the
implications of conservation of carnivores in areas with high human densities.
Their chapter is a stimulating and unconventional view of what conservation
means when a compromise with human activities is necessary.

We hope you enjoy the book, that you read it and learn and become motivated,
and that you turn to it as a resource for years to come.
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2
Designing carnivore surveys

Luigi Boitani, Paolo Ciucci, and Alessio Mortelliti

In ecology, a study aiming to collect data over a relatively broad spatial scale and
through some sampling scheme is often called a survey. It is generally aimed at
defining the status of an ecological element (species, habitat, vegetation type, water
quality, etc.) by measuring the values of one or more attributes (distribution,
abundance, richness, allelic frequencies, species’ composition, etc.) of that element.
The title of this chapter, for example, is actually imprecise, as it indicates the
ecological element, the carnivores, but does not indicate the attributes to be
surveyed. Without appropriate a priori qualification, a survey does not imply any
predefined precision, resolution, scale, and reliability of the data to be obtained and
it is open to many misuses. Without specification of the variables to be “surveyed”
and why, a survey risks being used to look for a posteriori patterns but lacking key
elements and attributes.

Attributes can be assessed using a huge variety of quantitative or qualitative field
techniques. With the exception of the simple case of surveying a species’ presence in
an area, the goal of a survey is generally to obtain an estimate or an index of the
attribute of interest, not its absolute value, and is often used to indicate a first
reconnaissance of a poorly known ecological factor. For example, a survey of a species’
abundance will result in an estimate or an index of population size, whereas a census
will yield an absolute number of all individuals (Thompson et al. 1998; Bibby 2004).

In wildlife ecology, surveys are most frequently intended to define the distribu-
tions and abundances of species and their habitats, the primary features that define
the status of animal populations. Therefore, a survey is a first descriptive step in the
series of increasingly complicated study designs aimed at more advanced ecological
questions. Surveys are rarely designed to explain why and how ecological processes
occur. Nonetheless, as surveys are often prompted by specific conservation and
management needs, such as establishing protected area or mitigating human–
wildlife conflicts, their designs are deeply influenced by their intended purposes.
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Whereas a survey is the assessment of the status of an attribute at one time and
area, the repetition of the same survey at the same location at more than one time
allows inference about change. This repetition is generally called monitoring, but
we prefer the conceptual distinction made by Greenwood and Robinson (2006)
between surveillance as “ . . . .repeatedly surveying something to measure how it
changes,” and monitoring, which “ . . . entails setting targets” such as repeatedly
measuring something against a desired value that is the objective of management.
While the conceptual differences between surveillance and monitoring are obvious,
the words have been confused in the scientific literature (Yoccoz et al. 2001).
Surveys, surveillance-monitoring and targeted-monitoring, are all based on sam-
pling a population of interest and, to allow meaningful inference, they all require
statistically robust designs and careful planning. Neither surveillance- nor targeted-
monitoring is the mere repetition of single surveys, they require a higher level of
design to detect specified levels of change (see Chapter 16; Elzinga et al. 2001;
McComb et al. 2010). Some surveys, such as to confirm the presence of a species in
a certain area, can collect data opportunistically, but the great majority of surveys
(and all monitoring) require data to be collected systematically in space and time,
through precise sampling protocols. Haphazard collections do not allow inference
and are, often, a waste of precious resources.

This chapter describes the conceptual framework needed to design and to plan a
survey of carnivore distribution and occupancy, although much of the same
framework applies to surveys of species’ abundance and other population states.
We use the definition of survey offered by Long and Zielinski (2008: 8) “the
attempt to detect a species at one or more sites within the study area, where
‘attempt’ involves one or more field sampling occasions, through proper methods,
procedures and sampling design.”

This chapter is not a cookbook of field protocols for surveys, because the
diversity of carnivore populations and their habitats precludes generalizations;
instead, it focuses on the key planning steps that are crucial for obtaining mean-
ingful data. While field protocols for a variety of species and research objectives
have been published elsewhere (e.g. Braun 2005; Long and Zielinski 2008) the
discussion of the conceptual framework for a carnivore survey has seldom been
presented. We assume that the reader has the knowledge of the basic terms and
concepts of elementary statistics, as we use them to discuss the framework within
which the protocols for surveying carnivores in different ecological contexts and for
all research and management objectives can be developed. Chapters 4 and 5 discuss
field techniques to find evidence of carnivores’ presence and Chapters 3 and
8 discuss uses of survey data to map species’ ranges and to estimate population
sizes.
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2.1 Challenges of surveying carnivores

For a biologist planning a survey of carnivore distribution and occupancy, the
downside is that carnivores, due to their natural histories, introduce extraordinary
sampling and logistical challenges for conducting successful and reliable surveys.
Carnivores live at low densities, are elusive, often nocturnal, highly mobile, and
difficult to observe or catch; individuals have relatively large home-ranges, often of
different sizes for males and females, and populations occur over large and often
remote areas; territorial species may spread over vast extents, often with clumped
distributions in disjoint ranges (e.g. Koen et al. 2008); finally, many species leave signs
and tracks that are ambiguous and not easily identified (Heinemeyer et al. 2008).

Due to carnivores’ expectedly low detection rates, substantial survey efforts and
especially efficient (often costly) field techniques are required to achieve adequate
precision at a proper spatial or temporal scale, whatever the objectives of the survey
(e.g. distribution or abundance). In addition, due to large individual home-ranges,
especially in territorial species, researchers need to conduct surveys over large
enough areas to produce biologically and statistically meaningful results. Often,
this requirement adds to what would already be unrealistically high costs and
logistical complexity. On the other side, the smaller the geographic extent of the
survey or the size of the sampling units, the more likely model assumptions (e.g.
closure) will be violated.

In short, carnivores often require survey conditions where “a lot of zeros occur in
the data,” ultimately affecting the reliability (i.e. bias and precision) of the estima-
tors (McDonald 2004). This fact is why practitioners of carnivore surveys must
address the challenges right from the beginning of planning a survey, striving to
find the most efficient combination of sampling schemes and effective field
techniques. Although complex to define, proper survey design for carnivores
should strive to be “cost and time effective and unbiased across the landscape”
(Koen et al. 2008: 24). Compared to traditionally adopted approaches, which
involved live-captures and canonical statistical frameworks (e.g. Otis et al. 1978;
Seber 1982), the emerging, efficient, noninvasive techniques for studying carnivores,
the new robust yet flexible analytical and simulation procedures, and efficient
sampling schemes are the tools researchers have at hand today (see Chapters 4 and 8).

2.2 Planning a survey

To plan a successful survey, researchers should carefully determine: (1) the final
goals and specific objectives of the survey; (2) the type of data needed; (3) the
survey procedures (i.e. sampling strategies and survey methods) expected to
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provide reliable inferences most efficiently (Yoccoz et al. 2001; MacKenzie and
Royle 2005). In addition, central to any survey design, is recognizing that the
probability of detection of a species is <1 at every survey site, no matter what the
survey effort or method adopted. Successful surveys require more rigorous stan-
dards than simple recordings of natural track and sign, based on poor and
inconsistent survey designs. Researchers must contemplate a proper combination
of adequate sampling and efficient field methods to accommodate imperfect
detection. Sophisticated noninvasive survey methods, coupled with recent model-
ing techniques (Long et al. 2008a), allow researchers to conduct carnivore surveys
over large areas and at multiple scales, obtaining reliable inferences on population
states well beyond simple presence/absence data (e.g. Koen et al. 2008). Conse-
quently, conducting a survey at the species’ or population level is not simple. The
planning process is intimidating, requiring the assistance of a statistician and a data
analyst, logistics are daunting, and costs can be unfeasibly high.

Inferential survey design depends on its goals and objectives, and it should be
efficient. Its key elements include: (1) sampling details (study area, sample unit
characteristics, selection criteria); (2) survey protocol (detection method, sampling
season, survey duration), and (3) statistical considerations (i.e. precision of esti-
mates). For carnivores, no perfect survey design exists. The optimal survey protocol
(the protocol that includes the best compromises to deal with constraints) for a
given species and site can be inadequate for the same species elsewhere. Researchers
need to assess the adequacy of a survey using variance-based criteria for the
population state of interest (abundance, occupancy). Given the complexity of
factors interacting at a local scale, adequate survey design must address the specific
location and the survey’s objectives, the biology and behavior of the species, its
distribution and abundance, the extent and characteristics of the geographic
region, and the resources and time available. When planning a survey, researchers
must consider all these factors carefully and evaluate how they dictate the analytical
framework. However complex survey design becomes, researchers must always
keep the survey objectives clearly in mind (Long et al. 2008a; Royle et al. 2008).
Objectives come first, they will drive the survey’s design and field work.

2.2.1 Fundamentals of survey design: establishing goals and objectives

Carnivore surveys can be designed to meet many different objectives. Most often,
surveys estimate occupancy, distribution, or relative abundance (Koen et al. 2008;
Long and Zielinski 2008). Sometimes, however, researchers wish to make infer-
ences to detailed demographic or ecological objectives. Researchers might want
compare attributes of carnivore populations in time and space, assess the effects of
development projects on carnivore populations, or evaluate the details of how
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carnivores respond to management interventions. If researchers repeat well-
designed surveys through time (e.g. Pollock 1982; MacKenzie et al. 2003), they
can assess population characteristics and processes (demographic and genetic
structure, natality, survival, and recruitment) and relate them to specific conserva-
tion and management goals. By interpreting longitudinal survey data properly
following management interventions, biologists can evaluate progress toward a
stated conservation or management goal (see Chapter 8).

Different objectives require different sampling designs, different types of data,
and different resources. A researcher’s ability to make inferences, and how accurate
and reliable parameter estimates will be, depends on the target species’ behavior, its
density and distribution, and the logistical constraints of the survey, and more
(McDonald 2004). Carnivore surveys have inherent difficulties of ensuring ade-
quate sampling effort and accounting for imperfect detection properly. Therefore,
a researcher must assess carefully, at an early stage of survey planning, both the
technical and the statistical feasibilities of meeting chosen objectives, thereby
avoiding an inconclusive survey. A researcher must choose realistic yet functional
objectives, given the pertinent conservation or management issues. For example,
Sargeant et al. (2005), in a swift fox (Vulpes velox) survey, traded estimates of
abundance for larger scale, occupancy-based measures of population status, having
realized that estimating population abundance would have required prohibitively
high costs and intensive sampling effort.

2.2.2 Fundamentals of survey design: carnivore survey data

Survey objectives targeting a population, a species, or a habitat require different
data. For populations, the pertinent data can vary from simple presence/absence, to
counts of natural or elicited track and sign, to repeated identification of individuals,
or a mixture. Whenever feasible, researchers should target detection of individual
animals (i.e. develop capture histories), and apply well-known and operationally
efficient models to infer demographic states (Royle et al. 2008). A multitude of
noninvasive survey techniques can sample individual carnivores over large areas
(see Chapter 4; Long et al. 2008a). If logistical and financial constraints preclude
collecting such data at the required intensity and spatial scale for individual
detection, the researcher must determine whether other data can be used to meet
the survey objectives. Researchers can use count data, for example, to make
inferences about population occupancy state and dynamics, provided the survey
can be designed to accommodate imperfect detection. If, however, survey design
cannot accommodate imperfect detection in presence/absence or count data, then
researchers often target surveys to make inference on relative abundance, which
ignores detection bias or assumes it is constant across space and time. Despite the
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common, historic use of such in surveys, measures of relative abundance are
controversial (Thompson et al. 1998; Anderson 2001) and found to be unreliable
for carnivores (Royle et al. 2008).

2.2.3 Fundamentals of survey design: sampling design, methods, and

protocols

To meet survey objectives that are feasible, given pertinent conditions and con-
straints (i.e. target population, study area, logistical and financial constraints), a
researcher should try to find the most efficient combination of sampling design and
survey methods (the optimal design given the constraints). Sampling design
includes where, how, and how much, and how often to sample. Sampling methods
must be chosen to detect representative individuals in the target population and
include what specifically to measure, specifically where, and specifically how.

To develop sampling design, a researcher must first delineate the boundaries of
the survey population and then decide how to divide the space into meaningful
sampling units (i.e. the individual units where counts or measurements are actually
recorded). Choosing sampling units includes choosing where they will be located
within the study area, and determining a representative sample.

Next, the researcher must carefully develop the survey protocol, detailing which
field techniques, and under which conditions, they should be used to detect
individuals within sampling units (i.e. the actual sampling) when, how often,
and for how long. Answering these “which” and “how” questions (Yoccoz et al.
2001) requires critical, realistic, a priori assessment of available resources (time,
funds, trained personnel, equipment, etc.). If financial or logistical constraints
preclude using the survey protocol, the researcher must seek more feasible options
by re-examining the specifics of the survey protocol, then, if necessary, the specifics
of the sampling design, then survey design, and finally up to survey objectives.

Since detectability of carnivores is low, researchers must plan every level of their
surveys to avoid producing unreliable results. Efficient but effective sampling
design, possibly encompassing large study areas, is required as are efficient, effec-
tive, and feasible sampling methods. Sampling methods, in particular, must be
chosen to ensure reasonably high detection rates, which will likely translate into
detection probabilities and sample sizes adequate for analyses and modeling
procedures required to produce results that meet the objectives. Researchers
must choose carefully among new noninvasive field techniques (see Chapter 4;
Karanth et al. 2004b; Long et al. 2008a) and among the diverse sampling strategies
that have been designed specifically for rare and elusive species (e.g. Manly 2004;
McDonald 2004; Smith et al. 2004).
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For reasons obvious to statisticians, but often less so to field biologists, one must
sample carnivores according to statistically sound sampling schemes. Knowing
the number, spatial distribution, and independence of sampling units needed to
achieve adequate sample sizes and the necessary level of precision is critical if a
researcher is to be able to draw inferences from the chosen statistical analyses and
modeling. Dealing with low-density carnivores and their elusive behavior often
leads researchers to adopt convenient “sampling” designs and methods (Anderson
2001). Such strategies, usually regarded as haphazard, incidental, or opportunistic,
take many different forms, which are widely documented in the carnivore litera-
ture: interviews with local residents, verified reports of the species’ presence,
incidentally retrieved carcasses, or, more frequently, data collected according to
non-probabilistic sampling designs. Such “data”may appear to provide evidence of
a species’ presence, but their numerous potential sources of bias preclude their use
in inferential surveys (Aubry and Jagger 2006; McKelvey et al. 2008). First, they
provide presence-only information, at best, without estimates of error, and they
offer no insight regarding the presence of the species elsewhere (i.e. where no
sampling was conducted). Second, they have an unmeasured but potentially large
geographical bias towards areas inhabited by people. Despite their severe limita-
tions, incidental or opportunistic data sometimes provide insight about a species’
past or recent distribution in remote areas or insight that can be incorporated into
inferential survey (Koen et al. 2008).

2.2.4 Fundamentals of survey design: statistically formalizing survey

objectives

Sampling design must meet the assumptions of the analytical framework for a
researcher to be able to reach any inferences or conclusions about a target popula-
tion (Long and Zielinski 2008). Consequently, the conceptual framework of the
survey design, the sampling design, and the sampling methods all must be related
explicitly to a specific analytical method. This requires “a rendering in statistical
terms of the why, what and how questions” (Royle et al. 2008: 294). One must
formalize a priori the relationship (the dependency) between the sample data and
the population state (e.g. abundance, occurrence), so that sampling methods
produce data that meet the assumptions of the chosen statistical analyses (Royle
et al. 2008). In addition to biological, technical, and logistical considerations, the
statistical framework introduces essential elements that a researcher must include
when designing a carnivore survey. Ambiguous or lack of a priori attention to the
inferential, analytical framework can make a survey useless.
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2.3 Dealing with false absence

A false absence occurs when members of a species are considered absent from a site
when some are actually present. False absences are a plague of carnivore surveys;
they cause bias in parameter estimates (Gu and Swihart 2004) and increase the risk
of spurious results, inaccurate interpretations of results, and wrong conclusions.
See Chapter 8 for additional material pertinent to this section.

False absences can occur if the probability of detecting members of a particular
species is <1 (MacKenzie et al. 2002). This issue can not be overlooked for
carnivores because so many are elusive. Even if the target carnivores are abundant
at a site, the probability of detecting one (the probability that an animal will leave a
track at a scent-station or will trigger a camera) may be low. If the objective of a
survey is to obtain an unbiased estimate of the probability of presence in a given
area, one must partition the variation in the data into factors affecting detectability
(e.g. soil type, weather, trap efficacy, site-specific forest structure) and factors
affecting occupancy (e.g. habitat type, prey abundance; MacKenzie et al. 2006).

To address false absences, MacKenzie et al. (2002) incorporated detection
history data into a maximum likelihood estimation model for the estimate of
separate occupancy and detection probabilities. Through a logit-link function,
researchers can also model detection and occupancy probabilities as functions of
site or sampling covariates in an analogous way to an ordinary logistic regression.

In the framework proposed by MacKenzie et al. (2002), a site is a sampling unit,
which could be a camera trap, a scent station (single or cluster), a transect (Linkie
et al. 2006; Smith et al. 2007) or even a 2000-km2 grid in an expert opinion survey
(Karanth et al. 2009). In carnivore surveys a “visit” to a site is equivalent to a single
sampling occasion and it occurs within a sampling period, such as a period of
activation of a camera trap (e.g. a single night, a week, or even a month).
A sequence of sampling periods generates a detection history at a site, which can
be written as a sequence of 1s and 0s corresponding to the detection or non-
detection of the target carnivores. If an animal is detected in the first sampling but
not in the subsequent two periods at site i, then site i has the detection history
“100” and the detection likelihood:

�ipi1*ð1� pi2Þð1� pi3Þ;
where�i is the probability of the species being present in site i, pij is the probability
of detecting the species in the j-th visit.

Within this framework, a site can have the detection history “000”; the site has
three sampling periods but no animals were ever detected. In this case the
likelihood statement for the site is:
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�ið1� pi1Þð1� pi2Þð1� pi3Þ þ ð1�CiÞ;
where the term (1–�i) is the probability that members of the species are absent
at the site.

2.3.1 The fast growing family of occupancy models

The basic model (MacKenzie et al. 2002) assumes population closure throughout a
entire survey (i.e. members of the species were present throughout the survey;
Chapter 8). This assumption can be relaxed to include the possibility of extinction
and colonization (Chapter 8; MacKenzie et al. 2003). Additional parameterizations
include (see Chapter 8) 1) multi-state occupancy (MacKenzie et al. 2009), where
occupancy can be categorized in multiple states, such as by sex, age classes, or
an index of abundance (e.g. many, few, none); 2) multiple-species occupancy
(MacKenzie et al. 2004), where the detection probability or occupancy pattern
of 1 species influences the occupancy pattern or detection probability of other
species (e.g. a visit by a non-target animal to a trap affects the detection of a target
animal; Mortelliti et al. 2010); and 3) detection histories gathered using multiple
methods (e.g. survey methods included camera trapping and searches for track and
sign; Nichols et al. 2008).

The family of occupancy models is experiencing dynamic adaptive radiation
(see also Chapter 8).

2.3.2 Assumptions of occupancy models: the importance

of a priori planning

The possibility of extracting a great deal of information (e.g. detection, coloniza-
tion, and extinction probabilities) from extensive survey data is extremely
tempting. Nevertheless, most carnivores are mobile, wide-ranging animals, with
high risk of violating the assumptions needed for data analysis. Therefore, a priori
planning cannot be overemphasized. Extensive knowledge of the biology of the
target species is needed to design surveys that do not violate assumptions or that
can accommodate violations and still meet objectives. Occupancy analyses require
multiple visits at some sampling sites.

Population closure within and between sampling periods, but within the same
season, is the first important assumption of occupancy models. Violation of this
assumption leads to biased estimates of parameter values (Rota et al. 2009) and the
appropriate strategy to tackle violations of this assumption depend on the char-
acteristics of the target species, the sampling units, the scale at which the research is
carried out and, most importantly, the objectives of the research.
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If movement in and out of each site is random, the occupancy estimator may not
be biased but the probability of presence switches to a probability of a site being
used by the species. The detection probability parameter now includes an addi-
tional confounding factor, which is the availability of the species at the time of
sampling (see Chapter 8; Kendall and White 2009). If movement is not random
(often the case with carnivores), the estimator will be biased. One approach to
dealing with the violation is to pool data. For example, in a detection history “110”
for which we suspect that the population was open between the second and third
surveys, we could pool data to a history “11” (Kendall and White 2009). Interpre-
tation of the detection probability parameter must be changed accordingly. If the
temporal scale of movements of the target species (e.g. daily movements of a wolf
pack) is comparable to the sampling interval (e.g. daily snow tracking), then a
second approach is to extend the sampling interval (e.g. weekly instead of daily).
Again, interpretation of the parameters changes accordingly, e.g. the detection
probability value is the probability of detecting tracks of the previous week.

A third approach is to adopt larger sampling units (e.g. the size of the home
range of a wolf pack), at the cost of increased total survey expenses. Again,
interpretation of the presence and detection probability parameters changes in a
scale-dependent fashion.

When estimating population density using closed population capture–recapture
methods, movements of peripheral individuals (whose home ranges extend beyond
the study area) extend the boundaries of the effective study area. A large literature
on estimating densities of small mammals on trapping grids suggests remedies for
this problem (e.g. White and Shenk 2001; Boulanger et al. 2004). Estimating
abundance only, and not density, avoids this problem.

A second explicit assumption is no false presences in the data, i.e. a species is never
misidentified. Carnivore surveys are particularly prone to this risk, especially for
signs of presence. Using only confirmed data (Karanth et al. 2009) or investing
resources in genetic confirmation are two options to avoid violation of this
assumption. Otherwise, false presence can sometimes be handled statistically
(Royle and Link 2006).

A third important assumption is no unmodeled heterogeneity in detection proba-
bility. Allocate time and resources to measure potentially important, biologically
meaningful sampling covariates.

A fourth crucial assumption is that detection histories at each location are indepen-
dent. Appropriate spacing of sampling units (e.g. placing camera traps more than
twice the radius of individual home-ranges) may reduce the risk of violating this
assumption.
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To handle multiple, simultaneous visits by target animals to a single visit, each
visit may be considered as separate. Individual-specific heterogeneity in the detec-
tion probability can be handled with an “individual” covariate (MacKenzie et al.
2006). Another approach is to use spatial replication, and survey at subsites could
be considered as a single visit to the site. This strategy may reduce the cost of
visiting the site and may be implemented by single observers, but it should be done
with caution since it may introduce bias. This bias may be removed if sampling
locations are chosen with replacement, or the target species is highly mobile over a
short period of time (the case for most carnivores) (Kendall and White 2009).

2.3.3 Some practical issues

Many techniques are used to gather detection histories, such as hair snares, track
plates, scent-stations, camera traps, and searches for track and signs. Since pres-
ence/absence data are usually collected at the species’ level, individuals need not be
identified. Nevertheless, trap-happy and trap-shy individuals bias estimates of
detection probability.

Another issue is that very low detection probabilities (generally <0.3) lead to
overestimating occupancy probability (MacKenzie et al. 2002). This issue may be
tackled by enlarging sampling units, pooling data, or thinking creatively on how to
maximize detection probability (e.g. spending more resources for more effective
trapping devices).

A final issue is that even the simplest occupancy model requires the estimation of
a relatively high number of parameters, more than an equivalent logistic regression
analysis. The information-theoretic approach, which is the default in PRESENCE
software (http://www.mbr-pwrc.usgs.gov/software/), will prize the most parsimo-
nious models; nevertheless, we will still need a data-rich matrix of detection
histories from which to extract a reasonable amount of biologically meaningful
information. This complication has two implications: always attempt to keep the
ratio of the (number of covariates)/(number of cases) relatively low; we cannot fit
occupancy models to matrices with few detections.

2.3.4 Designing an occupancy study

Clearly, designing an occupancy study requires a great deal of a priori work. Post
hoc application of occupancy models is often unsuccessful. Optimal sampling
design is crucial for optimizing use of funds. A key design question is: what is
the optimal number of visits per site vs. number of sites to be sampled needed for
an occupancy estimate with a >10% precision? To answer this question, two
pieces of information are required: estimates of the probability of occupancy, and
detection probability. These estimates are usually not available without either a
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pilot study or published estimates for the same species and similar environment.
With no guidance, an educated guess still works better than allocating sampling
effort haphazardly. In addition, a general rule of thumb is that, for rare species,
survey many sampling units with low intensity but, for common species, survey
few sampling units with high intensity (MacKenzie and Royle 2005).

Develop a study-specific cost function that is a simple equation, where the cost
of moving to a site or the man-hour cost for technicians are linked to the number of
visits (k) and the number of sites (s). Once the cost function is implemented,
designing a study either in terms of (a) minimizing the cost for a desired level of
precision, or (b) minimizing the variance given a fixed total budget, is possible.
Minimize the cost function by finding the optimal values for k and s (easily
performed on spreadsheet software such as the Microsoft Excel with add-in
Solver #).

Several sampling designs work within this framework, such as a standard design
(all sites are surveyed k times), a removal design (sampling is interrupted once the
target species is first detected), or double sampling (repeat surveys are conducted at
a subset of sites; MacKenzie and Royle 2005). To be able to generalize results, use a
probabilistic sampling scheme.

When it comes to analyzing the data and interpreting results, remember that an
information-theoretic approach allows ranking of the relative abilities of each
hypothesis (called a model) to predict the data used to test the hypotheses.
Nevertheless, when possible, attempt an absolute measurement of model fit
(MacKenzie and Bailey 2004; Moore and Swihart 2005).

Regrettably, many published occupancy models do not report parameter esti-
mates (the �s) or their level of precision, even though reports provide (a) important
clues on the models’ reliability (i.e. large standard errors suggest high uncertainty
and low power) and (b) quantitative predictions that other scientists can use to
make preliminary inferences about their study areas and, most importantly, to
estimate ł and p to design their own (optimized) occupancy study.

2.4 Key issues for developing a survey design

Careful a priori considerations of the key components of a survey design can go a
long way toward achieving results that lead to reliable inferences.

2.4.1 Target population and spatial extent of the survey

Once the objectives of a survey have been formalized, one needs to define clearly
the area and the (biological) population over which to conduct the survey. Without
a clear definition of the survey area, one cannot plan a quantitative survey, chose a
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proper sampling design, choose sampling methods, or assess logistics of the survey.
In sampling terms, the area chosen is the “sampling frame,” and the elements of the
population therein represent the statistical population over which inferences have
to be drawn. Depending on whether one’s objective is to estimate occupancy or
abundance, the statistical population will be the complete collection of all sampling
sites or the animals therein. When a well-defined population of the target animals
exists, physical features of the population’s biological boundaries can be used to
define the survey area. When no biologically distinct population of the target
animals exists, the survey area must be chosen using geographical features or
administrative and jurisdictional boundaries. In this case, however, researchers
must realize that individual carnivores and their populations rarely will be
contained within arbitrary boundaries (e.g. Linnell et al. 2008). With particular
reference to capture–recapture surveys aimed to estimate population abundance, it
is critical that researchers are able to account for the closure assumption. Indivi-
duals whose home range extends beyond the edges of the study area, make the
effectively surveyed area problematic to be quantified, although several remedies
have been suggested to account for this source of bias (e.g. White and Shenk 2001;
Boulanger et al. 2004; Silver et al. 2004; Jackson et al. 2006). To match biologi-
cally relevant scales with site-specific management needs, researchers could also
consider a multiscale approach encompassing site, landscape, and range-wide scales
(Koen et al. 2008; McComb et al. 2010), thereby providing local managers with
site-specific inferences while controlling for larger scale population processes.
Whether the study population is designated using biological or geographic bound-
aries, the survey area must be consistent with the conservation and management
objectives for the survey.

Financial and logistical constraints often conflict with the desired geographic
extent of a survey and with sampling intensity and resolution, so that the feasibility
of the intended survey scale and sampling design should be realistically evaluated,
based on the accessibility and other characteristics of the study area (i.e. land cover,
topography, climate). At fixed costs, the larger the sampling area, the lower the
sampling intensity and the resolution of the data. Given the accuracy and precision
needed for analyses, if funding limits the survey area to a size too small to meet the
survey’s objectives, then the researcher should reconsider the objectives.

2.4.2 Attribute to measure

No matter what the specific target (species, population, habitat) and objectives of a
survey, one or more attributes must be chosen to be measured. Because attributes
inevitably vary in space or time, they are more properly considered variables
(McComb et al. 2010). Their measurement can be qualitative (presence/absence),
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semi-quantitative (visual estimation of density, cover, conditions, etc.), or quanti-
tative (number of individuals, number of tracks, weight, etc.; Elzinga et al. 2001).
An ideal attribute is easy and inexpensive to measure, is informative and sensitive
enough to meet survey objectives, and, for carnivores in particular, measuring it has
low impact on the target animals. Measurements of attributes constitute the data
that a researcher analyzes to make inferences.

Choice of an attribute depends on the life history of the target species, on the
distribution and density of the target population, on the terrain and the local
vegetative communities, and on the field techniques that can be used realistically in
a given survey. Noninvasive survey techniques exist to measure a great variety of
attributes appropriate for carnivore surveys (Long et al. 2008a). Spontaneous or
elicited vocalizations can be used (e.g. wolves, Canis lupus; Harrington and Mech
1982), or visual counts of distinctive social groups (e.g. female bears with cubs
(Ursus spp.); Knight et al. 1995; Keating et al. 2002). Given the choice, researchers
should select attributes of low inherent variability as a low sampling error enhances
the efficiency of the sampling design. Field personnel should be able to measure
attributes accurately under difficult field conditions.

2.4.3 Sampling design

2.4.3.1 Probabilistic sampling

Because it is clearly unrealistic to measure a given attribute across the entire target
population, one must consider the target population or the study area as a
collection of sampling units (Cochran 1977; Thompson 2002). The entire collec-
tion of sampling units is the “sampling frame,” comprising the statistical popula-
tion over which inferences will be drawn (Scheaffer et al. 1996). Sampling units can
be individual animals within the target population or spatial units (plots, quadrats,
strip transects) within the study area (Thompson et al. 1998). Sometimes attributes
are measured in all sampling units, or more often a representative number of
sampling units can be chosen.

How sampling units are chosen to be measured affects a researcher’s ability to
make inferences. Choosing a truly representative sample of sampling units requires
some form of probability-based sampling, which will allow a researcher to draw
inductive inferences about sampling units not visited (McDonald 2004). Probabi-
listic sampling schemes are well known: simple and stratified random sampling,
systematic sampling, Latin square and ranked set sampling, adaptive sampling
(e.g. Thompson et al. 1998; Krebs 1999; Elzinga et al. 2001; Thompson 2002;
Williams et al. 2002b).
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If sampling units are selected according to non-probabilistic criteria (e.g. purpo-
sive, haphazard, and convenience sampling; Thompson et al. 1998; Krebs 1999;
Anderson 2001), such as when transects are selected close to roads because they are
accessible, they are not representative of the non-sampled units and their measure-
ments cannot be used to make inferences to the entire population (Anderson
2001). A critical requisite for proper field sampling is the “willingness to look
like a fool to people who are not accustomed to thinking in terms of probability
sampling” (D. Whitney quoted by McDonald 2004). Although researchers must
always strive to apply probabilistic-based sampling schemes, survey areas or situa-
tions will stymie the best efforts: in these cases, measurements refer to sampled
units only, and researchers should acknowledge the potential bias in the sample
data and interpret their survey’s results accordingly.

Probabilistic sampling is not required if the aim of the survey is qualitative
(i.e. to document the presence of a species in an area). In this case, the opportunis-
tic spread of survey locations across suitable habitats is an efficient sampling choice
(Elzinga et al. 2001; Long and Zielinski 2008), even though this sampling design
does not account for incomplete detectability.

In capture–recapture surveys used to estimate population abundance, the study
area is not partitioned into discrete spatial sampling units because the individuals
within the population are the elements of an indefinite sampling frame, and all
need to be available for sampling during the survey. In these cases, subdividing the
study area into grid cells, all of which are sampled (e.g. hair-snagging grids for
bears: Woods et al. 1999; Kendall et al. 2008, 2009), spreads detection effort
evenly throughout the target population, maximizing capture probability and
minimizing capture heterogeneity.

2.4.3.2 Adaptive cluster sampling

The most canonical sampling designs were developed for moderately abundant to
abundant species (Thompson et al. 1998) and are not necessarily the most efficient
for carnivore populations (but see McDonald 2004). In sampling terms, efficiency
of a sampling design entails high precision (small variance) with given sampling
costs, and it is useful to evaluate alternative sampling designs. Sampling efficiency is
primarily affected by how individuals are dispersed across a landscape, which is
usually unknown. Nonetheless, approximate prior knowledge or educated guesses
on their distribution might suffice for choosing an appropriate sampling scheme
(Krebs 1999). Because carnivores occur at low densities, often in clustered dis-
tributions and with low probabilities of detection (Thompson 2004), adaptive
cluster sampling and its derivates, such as adaptive stratified random, two-phase
adaptive stratified sampling, and sequential sampling, are appropriate (Thompson

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

22 | Carnivore Ecology and Conservation



et al. 1998; Krebs 1999; Christman 2004; Manly 2004; Smith et al. 2004). These
designs come in many variations that can be incorporated into two-stage sampling
designs (Manly 2004; Smith et al. 2004). Adaptive cluster sampling entails visiting
an initial, random set of sampling units, followed by a continued search on
sampling units adjacent to those where target animals were initially detected.
By doing this, the areas occupied by clusters of individuals are disproportionately,
but more efficiently, sampled and the disproportionate sampling is accommodated
by using unbiased estimators of abundance (Thompson 1990). Adaptive cluster
sampling may be logistically difficult because the final sample size (effort) is not
known a priori (McDonald 2004). Particularly favorable conditions for adaptive
sampling include situations where individuals are dispersed in rare clusters (Smith
et al. 2004), and where travelling cost between sampling units is high. Adaptive
sampling requires an independent estimate of detection probability (Thompson
and Seber 1996).

2.4.3.3 Stratification

Carnivores are rarely dispersed at random within their population range. Most
often, they aggregate in areas of higher habitat suitability and prey density. As a
consequence, randomly locating sampling units across the study area may not be
justified. Many sampling units will be located where target individuals are absent,
leading to low sampling efficiency, as detection histories with many zeros would
inflate the overall sampling variance. A more efficient alternative in these cases is to
stratify the statistical population by partitioning it into subpopulations, called strata
by statisticians. Stratification in carnivore surveys usually entails grouping sampling
units into strata according to how likely they are to contain target animals, with
more sampling units allocated to high-likelihood strata (Becker et al. 1998; Koen
et al. 2008). Stratification is an efficient, expedient way to spread sampling effort
across a large area with fixed sampling costs. To work, it must include sampling of
strata with low probability of detecting target animals (McDonald 2004).

Sampling strata are defined on the basis of tentative or previous information on
how population density is expected to vary across the survey area. A probabilistic
sampling design should be adopted separately within each stratum, and stratum-
specific estimates of population parameters are combined to make inferences that
apply to the entire population (Cochran 1977; Thompson et al. 1998).

Researchers use stratification for various reasons (Krebs 1999), but with the goal
of narrow confidence intervals for final estimates. Specifically, by stratifying,
researchers (hope to) reduce the variance of the measurements within each sam-
pling stratum with respect to the overall population variance (i.e. the variance
obtained without stratification).
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Theoretically, identifying strata should be guided by variance-based criteria
known across the statistical population. In practice, however, the distribution of
variance is rarely known a priori, and auxiliary environmental variables (e.g. habitat
types, topography, prey distributions) are often intuitively used, implying an
approximate relationship exists between those variables and the expected variances
among strata (Thompson et al. 1998; Krebs 1999).

Deciding how many sampling units to measure in each stratum is critical.
Sampling may be proportional to the areas of the strata (proportional allocation)
or, more formally, in proportion to the stratum-specific sampling variance and cost
to survey (optimal allocation; Krebs 1999). In practice, once the strata have been
delineated, sampling units within each stratum are allocated proportionally to the
expected density of target animals, assuming this is proportional to within-stratum
population variance. Although practical, such allocation of sampling units is clearly
tentative and possibly far from being optimal (Manly 2004). Alternatively, a two-
phase approach ensures a more adequate allocation of sampling units (Manly
2004).

2.4.3.4 Size, configuration, and spacing of sampling units

With the exception of “plotless methods” (Thompson et al. 1998), sampling units
must be defined. At a logistical level, size and shape of sampling units must depend
on the behavior and distribution of the target animals, the attribute to be
measured, and the size of the study area. Size and shape of sampling units must
also depend on the inferential framework of the survey (model assumptions, the
precision required) and the objectives. Size of the sampling units affects both the
proportion of sampling units that can be sampled and the intensity of the sampling
effort (number of sessions, survey length), and both of these factors affect accuracy
and precision of results. For carnivores, sampling methods rarely include complete
counts within sampling units, mitigating sampling bias due to plot shape (cf. Krebs
1999; Thompson et al. 1998).

Unbiased estimators generally require independent measurements among sam-
pling units. Thus, researchers should choose sampling units large enough to limit
the chances that a single individual will be detected in more than one. To have
reasonable detection and occupancy probabilities within each sampling unit, size of
the sampling unit should be chosen to match the scale at which individuals or
social groups generally move (e.g. average seasonal or annual home-range size;
Kendall and McKelvey 2008; Long and Zielinski 2008). Long and Zielinski
(2008) suggested sizing sampling units at least twice the radius of individual
home-ranges of carnivores. For small sampling units, individuals are not available
to be counted when they are temporarily outside a given sampling unit. For large
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sample units, sampling effort per unit (search time, transect length, station density)
will be relatively small, if it is fixed per sampling unit. A large survey area may
require large sample units to keep costs down. For example, to assess wolverine
(Gulo gulo) occupancy in areas of <100 000 and >100 000 km2, 100 and 1000
km2 sampling units have been used (Koen et al. 2008). Although autocorrelation
in sample data can be accommodated a posteriori (McComb et al. 2010), it is best
avoided by spacing units apart according to biologically-based criteria (e.g. Long
and Zielinski 2008).

2.4.4 Sampling effort

Researchers can measure a survey’s overall effort in terms of: (1) the number of
sampling units sampled; (2) the number of sampling sessions, or the length of the
survey (temporal replication of sampling units is require to account for incomplete
detectability); and (3) the density of detection devices or search time within
sampling units. Financial and logistical constraints dictate the upper limit for
survey effort. Increasing 1, 2, or 3 should improve the reliability of a carnivore
survey in terms of increasing sample sizes and, thereby, increasing detection
probability and precision.

For any given population and its abundance and distribution, and given the
survey objectives, which effort component contributes most to survey efficiency is
usually unclear. A clear tradeoff exists among different strategies, especially if
detection and occupancy probabilities are taken simultaneously into account
(i.e. more sampling units vs. more sampling sessions; Bailey et al. 2007). Whereas,
in general, researchers should choose short survey lengths for both statistical (e.g.
closure assumption) and logistical reasons (Long and Zielinski 2008), for carnivore
surveys, too few or too short sampling sessions may fail to detect animals at an
adequate rate (Gompper et al. 2006). In capture–recapture applications, for
example, length and number of sampling occasions should be high enough to
achieve statistically adequate sample sizes, corresponding to encounter histories
with a limited number of non-detections. To model heterogeneity in capture
probability, adequately requires at least 5–8 trapping sessions (Otis et al. 1978;
Williams et al. 2002b) and large sample sizes. Accordingly, more intensive sam-
pling in capture–recapture surveys could be traded for smaller study areas, even
though this trade increases the risk of violating the geographic closure assumption.

For surveys where method-specific detection probability (p) is known or can be
estimated a priori, the probability of not detecting the animals at sites where they
are actually present (1–p) can be used to estimate the number of sampling sessions
(K) needed to minimize false-negative error rates (i.e. [1–p]K; Field et al. 2005;
Campell et al. 2008; Long and Zielinski 2008). Obviously, detection probability is
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proportional to both the number of sampling sessions and the number of traps or
devices (e.g. hair snares, track plates, camera traps) activated in each sampling unit.
To account for device failure, a minimum of two devices should be placed per
sampling unit (Long and Zielinski 2008). Changing locations of detection devices
within sampling units can increase detection probability and reduce heterogeneity
(e.g. Boulanger et al. 2002). Increasing search time per sampling occasion or
transect length per sampling unit increases sampling effort but also increases
detection probability.

Ultimately, the tradeoff between the number of sampling units and sampling
occasions depends on the expected abundance and distribution of the animals in
the area (MacKenzie et al. 2006). For surveys of rare, sparse carnivores, inferences
to occupancy states may be achieved more reliably by sampling less intensively a
larger portion of the study area with the intention of increasing the number of
sampling units with positive detections (Long and Zielinski 2008). Software is
available for exploring the tradeoff between more sampling units versus more
sampling occasions, while accounting for estimator precision and enhanced detec-
tion probability (Program GENPRES; Bailey et al. 2007) (http://www.mbr-pwrc.
usgs.gov/software/).

2.4.5 Tackling system variability: measures of precision and their

meaning

Survey planning should strive for reliable inferences. That means ensuring unbi-
ased parameter estimates with acceptable precision. Unbiased (or sufficiently
unbiased) estimates are the product of unbiased estimators, adequate sampling
procedures, and correctly applied survey methods. If not accommodated, bias
causes erroneous and misleading inferences and seriously jeopardizes the validity
of any management implications emerging from a survey. Unlike sampling error,
bias cannot be controlled by increasing sample size. On the other hand, precision
of the parameter estimates is a function of the sampling error associated with
measuring the chosen attribute. Different sources of variability compound the
overall variance within a survey. These sources of variability are conveniently
grouped into process variability, caused by temporal fluctuations and spatial hetero-
geneity in a given population attribute, and system variability, caused by a combi-
nation of among-unit variation (if not all sampling units were sampled) and
within-unit (or enumeration) variation (detection of animals within sampling
units is probably incomplete; Thompson et al. 1998). System variability is gener-
ally high in carnivore populations due to their clumped distributions and their low
abundance and detectability.
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As both process and system variability represent biological and statistical reali-
ties, point estimates (i.e. not accompanied by any measure of statistical uncer-
tainty) are misleading and should never be reported (Krebs 1999). To quantify
precision, several measures of variability (i.e. variance, standard error, confidence
intervals, coefficient of variation) can be computed from the sample data (Thomp-
son et al. 1998 presented a succinct yet rigorous treatment of how to quantify
precision in the context of surveys and monitoring programs). In addition, de-
pending on the sampling stage, variance can be quantified both as sample (and
enumeration) variance and as estimator variance (Cochran 1977; Thompson et al.
1998; Williams et al. 2002b). To make this point clear, we will present both
variance formulas for estimating abundance in the simple case of random sampling,
assuming counts within selected sampling units are complete (no enumeration
variance) and following notation by Thompson et al. (1998).

Sample variance (Ŝ2Ni
), a function of both the spread of values in a sample and the

sample size, is given by:

Ŝ2Ni
¼

Pu
i¼1½ðNiÞ� �―N

�2

u� 1
;

where u is the sample size, i.e. the number of sampling units randomly selected for
the survey among the total number available (U ) in the sampling frame; Ni is the
value of the counts or measurements within sampling unit i;―N is the sample mean.
Estimator variance [Var

h
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h

Þ], a function of the sample variance, the sample size,
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Cochran (1977), Lancia et al. (1994), Thompson et al. (1998), Krebs (1999), and
Williams et al. (2002b) provided formulas for estimator variance incorporating
the enumeration subcomponent (i.e. two-stage sampling designs) and for other
sampling designs.

The sample variance stems from the interaction between the among-unit sub-
component of system variability and the spatial component of process variability,
and it is a useful measure of the efficiency of a sampling scheme. Sample variance
does not provide the final measure of an estimates’ precision; although this fact
terrifies many biologists (as the total number of sampling units enters as a quadratic
multiplicative factor in the variance formula, see above), it is the estimator variance,
or its equivalent standard error:
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that measures the precision of our inference.
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The confidence interval (CI) of a parameter estimate, commonly used as an
expression of precision, is obtained from the standard error (assuming a normal
distribution) of the estimate and reflects the spread of the underlying sampling
distribution. The more efficient a survey design (i.e. the narrower the underlying
sampling distribution of the estimate), the smaller the width of CI about the
estimate. Confidence intervals are based both on the (arbitrarily chosen) confi-
dence level, i.e. 100(1–Æ)%, and the estimator standard error, which reflects the
precision of the survey design. In practice, the CI is interpreted as the range of
values within which we are 100(1–Æ)% confident that the true population param-
eter is included. For instance, at a given level of confidence (e.g. 95%), an
abundance estimate of, say, 90–110 river otters is much more precise (and useful)
than an estimate of 40–160 otters.

The coefficient of variation (CV), obtained by scaling the sample standard
deviation by the mean (or the standard error of the parameter estimate by the
estimate), is a relative measure of precision. Sample CVs can be used to assess the
sample size needed to achieve a desired level of (relative) precision (Krebs 1999),
and estimator CVs provide the currency with which to compare the efficiency of
alternative sampling designs or different survey protocols. For example, Becker
et al. (2004) showed that puma (Puma concolor), wolf, and wolverine surveys
conducted in different localities in North America using transect intercept proba-
bility sampling differed greatly in precision, with CVs ranging from 13 to 74%.
Through a regression model based on these surveys’ details, they estimated a
minimum sampling intensity (e.g. km transect/1000 km2) to obtain reliable
abundance estimates (i.e. expected CV of about 10%).

The measures of precision listed above not only allow one to assess how much
different components of the sampling error of our survey design affect the reliabil-
ity of our estimates, but also provide important indications regarding how to
increase the efficiency of survey design. Can we reduce enumeration variance by
adopting more effective detection techniques or by increasing sampling effort? Or
should we modify size, shape, and number of sampling units? Would it be
otherwise a better choice to design alternative stratification criteria or sampling
procedures (i.e. match more closely the underlying distribution and density of the
population)?

For any quantitative survey objective, we need to minimize system variability by
reducing one or both of its components. Ideally, the among-unit variability can be
reduced by one or more of the following options (Elzinga et al. 2001): (1) adopting
more efficient sampling schemes, such as adopting adaptive cluster instead of
simple random sampling; (2) improving the efficiency of stratification and
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allocation criteria by, for example, using variance-based criteria; (3) modifying size
and shape of sampling units; (4) increasing the sample size. Reducing sampling
error is critical not only to improve the precision (i.e. reliability) of our estimates,
but also to allow meaningful comparisons of survey results in space or time.
Sampling error is, in fact, directly related to the probability of revealing a true
difference between two or more population states (i.e. statistical power). Although
prospective power analysis pertains more to monitoring programs than to single
surveys (Elzinga et al. 2001), preliminary estimates of sample variance can be
obtained from the literature (e.g. Gibbs 2000) or, more rigorously, from ad hoc
pilot studies.

For detection probability, as well as for an estimate of absolute density, unbiased
parameter estimators usually assume that sample data are statistically independent
(but see: Sargeant et al. 1998, 2005; Royle et al. 2008). Although the effect of
violating the independence assumption depends on the specific survey objectives
and analytical framework (Long and Zielinski 2008; Royle et al. 2008), autocorre-
lated data generally lead to biased (over- or underestimated) estimates whose true
variance is underestimated (i.e. Type I error underscored; Krebs 1999).
Controlling for autocorrelation patterns in the data, is therefore, important for
the correct interpretation of the observed variance.

2.4.6 Field methods

In carnivore surveys, sampling within sampling units usually takes either of two
common configurations (Campbell et al. 2008): station-based (e.g. track stations,
track plates, live-traps, hair snares, camera traps, audio recordings) or transect-
based (ground and aerial transects, scat-detection dogs). Neither guarantees com-
plete detectability, which must be remembered when choosing the size of the
sampling units.

Given the expectedly low probability of detection in most carnivore species, a
successful carnivore survey essentially rests on the proper choice of the most
efficient field technique(s). These vary with the species and the survey conditions
(survey objectives, expected distribution and density of the population, extent and
characteristics of the study area, resources available). A multitude of survey meth-
ods are potentially available to survey the great diversity of carnivore species in their
diverse environments (e.g. Zielinski and Kucera 1995; see also Chapters 4, 5, and
8). In particular, diversification of noninvasive field and lab techniques is facilitat-
ing an unprecedented upsurge of reliable carnivore surveys (Long et al. 2008a).
Robust statistical and analytical frameworks for analyzing survey data are well
known and under continuous development (e.g. Chapter 8; Williams et al.
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2002b; Amstrup et al. 2005; MacKenzie et al. 2006; Royle et al. 2008), allowing
powerful and reliable inferences from seemingly simple presence/absence data.

Nevertheless, no single method can be universally effective for any species in all
situations. Making proper choices requires, on one side, understanding the species’
biology and behavior and, on the other side, understanding basic sampling require-
ments dictated by the statistical formalization of a survey’s objectives. For a given
survey, choice of the proper field methods must be viewed in the context of the
statistical requirements. In case detection probabilities are deemed inadequate by
using a single survey method or, if the survey is geared toward multiple objectives
or multiple species, researchers should contemplate more than one detection
method (Campbell et al. 2008). For example, Becker et al. (2004) enhanced the
performance of probability sampling using telemetred individuals. Similarly, more
than one technique can be used to recapture individuals in capture–recapture
surveys, and, to increase capture probability and more efficiently model capture
heterogeneity, researchers can consolidate individual encounter histories recurring
to multiple-data sources (e.g. Boulanger et al. 2008). In short, when dealing with
carnivores we must master technical details (e.g. know the most efficient track-
plate or hair-snare design, the optimal configuration within a sample unit). We
must also be familiar enough with the fundamentals of inferential survey statistics
to design surveys that allow inference that, in turn, allows us to meet objectives
(Royle et al. 2008).
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3
Mind the map: trips and pitfalls in making and

reading maps of carnivore distribution

Carlo Rondinini and Luigi Boitani

A wide range of theoretical and applied analyses in animal ecology, biogeography,
and conservation biology involve the production or use of maps of species’
distributions. These include studies from individual (home range) to population
(regional) level, to continental and global level. The reasons for producing maps of
distributions vary from assessing the structural connectivity of landscapes, to
predicting the spread of invasive species, to detecting zones of transition among
faunal assemblages, to identifying conservation priority sites that maximize the
return on investment of conservation money globally. It comes, therefore, as no
surprise that the number of species’ distribution maps produced at various scales
grows.

Species’ distributions are dynamic over time. Individuals live in different places
at different times and, therefore, in theory, an appropriate distribution model is a
probability density function across the study region. But because individual home-
ranges shift, contract, expand, local populations go extinct, new sites are colonized,
and habitat is converted by humans, the form of the probability density function
would slowly but continuously change. Therefore, any map of a species’ distribu-
tion is necessarily an abstract and simplified representation of a complex reality.
Any map is a model, with its specific assumptions, approximations and errors.
Because the availability of modeling tools to develop species’ distribution maps is
continuously increasing, processes from very fine to broad scale are relevant to the
interpretation of modern maps.

The true distribution of a species is impossible to map, but it can be approxi-
mated by two useful concepts: the extent of occurrence (EOO) and the area of
occupancy (AOO) (Gaston 1991). The extent of occurrence identifies the region
encompassing all localities where a species has been recorded; the area of occupancy
is a subset of the extent of occurrence, which excludes all areas within the extent of
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occurrence that are not occupied by the species, because they are unsuitable or
presently not occupied (Gaston 2003). Depending on the data and method used to
make them, species’ distribution maps can be closer to an extent of occurrence
(geographic range maps) or to an area of occupancy. This is because at increasingly
small scales, more and more holes appear in a species’ distribution, which are
overlooked at broad scales.

Species’ distribution maps always contain two types of error, although in
variable proportion: they can erroneously indicate that a species is present or
absent, which are, respectively, referred to as errors of commission and omission
(Fielding and Bell 1997). Maps closer to the extent of occurrence are prone to
commission errors because they overestimate the area actually occupied by a
species. By definition, the area of occupancy should be free from both commission
and omission errors, but in practice areas of occupancy are obtained in one of two
ways: either by excluding the portions of the extent of occurrence that are perceived
to be unsuitable for the species, therefore reducing commission errors at the
expense of a potential increase in omission errors; or by extrapolating from
known occurrences, but in this case not all omission errors are removed.

Not all maps are equal or equally useful for all purposes, but distinguishing a
useful map from a useless one (for any given purpose) by simply looking at it may
be impossible. To distinguish a useful map, one must understand the relevant
information, the metadata, that should be attached to maps. For a map of species’
distribution this information includes the method used to make the map; the data
used; if the map is based on expert knowledge, the expert’s name(s); and, if data are
point occurrences, how they were collected, their biological significance, their time
span, and how they were extrapolated. Understanding the different types of maps is
essential to place them in the appropriate context, acknowledge their limitations,
and use them appropriately (Rondinini et al. 2006b).

3.1 Maps based on expert knowledge

3.1.1 Geographic range maps

Maps based on expert knowledge translate opinion and non-quantitative informa-
tion into quantities. Two pieces of expert knowledge are usually translated into a
map: the limits of the species’ geographic distribution, and the species’ habitat; the
former can be used to draw polygonal geographic ranges. Although these products
are often considered “true maps” (as opposed to “models”), they, too, are models.
For these maps, the models are the algorithms in the heads of the experts and,
therefore, the models are implicit and the data are undocumented. Yet, given the
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scarcity of hard data on the distribution of many species (carnivores are no
exception, e.g. most tropical small cats), this may be the only way to map their
distribution. When possible, gathering species’ experts in a workshop (e.g. Schipper
et al. 2008) should be considered to reduce bias due to individual knowledge. Range
maps based on expert opinion vary widely in the level of detail across species, range
sizes (usually small-range species are better mapped than large-range ones), and
geographic regions, reflecting variable survey intensity. These maps are a useful
tool for biogeographic analyses and for identifying broad regions of conservation
interest, but are unsuitable for species’ management and conservation planning
because they are too coarse, especially for large-range species.

3.1.2 Deductive habitat suitability models (HSM)

The knowledge of species’ habitat can be used to produce deductive HSMs, i.e.
models of the habitat potentially used by a species. These maps are particularly
useful if intersected with geographic range maps, to identify the areas potentially
suitable for (therefore assumed to be potentially used by) a species within its range.
These models, which, like all models, need to be evaluated before they can be used
for any application, are named deductive as opposed to inductive HSMs, which are
based on the extrapolation of the species’ habitat from the habitat type recorded at
known species’ occurrences (Corsi et al. 2000). Inductive HSMs are discussed later
in this chapter.

Deductive HSMs have been developed especially in North America based on the
habitat suitability index (HSI), i.e. an analytical, species-specific function (drawn
from data and expert knowledge) relating the amount of a given habitat feature to
the level of suitability for a species. By combining values of HSI for different
habitat features, an overall suitability index is obtained for each point in the study
region. Compared to expert-based range maps, expert-based HSMs are more
documented, because the species–habitat association used to produce the model
is recorded and the algorithm applied is explicit. Deductive HSMs have been
produced for mammals, including carnivores, in Africa (Rondinini et al. 2005;
Boitani et al. 2008), North America (National Biological Information Infrastruc-
ture 2010), Central America ( Jenkins and Giri 2008), Southeast Asia (Catullo
et al. 2008). In general, deductive HSMs are useful to model broad taxa on a
regional to global scale, due to the lack of a good, unbiased sample of known
occurrences for most species. Deductive HSMs are very powerful tools for identi-
fying areas that have been exploited and converted to human-dominated land use
and as such are no longer suitable habitat, and in predicting changes in species’
distributions associated with changes in land use and climate.
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The number and type of variables that can be used to produce deductive HSMs
is more restricted than for inductive HSMs, because expert knowledge is usually
limited to a few variables, e.g. the vegetation types used by a species, the elevation
limits of its distribution, the association with water. For generalist carnivores this
may result in deductive HSMs with a high proportion of suitable area, because
environmental variables with a less evident association with suitability for these
species (e.g. human activities and attitudes) cannot be incorporated in the model.
For conservation, however, this weakness of the models positively contributes to
reducing the possibility of incurring in Type II error and missing important
conservation action.

3.2 Maps based on species’ occurrence surveys

Surveys of species’ occurrence (Chapter 2) often produce data in the form of point
localities with attached information on: the individual(s) surveyed (related to
taxonomy, biometry, behavior, abundance, etc.), the site (structure/habitat type,
biological community, etc.), and time. This type of data is particularly suitable for
analysis in a geographical information system (GIS) to produce maps. Not all types
of data are suitable for the production of all types of maps. The correct use of
survey data to produce maps depends on the purpose for which the data have been
collected, which in turn (should have) guided the sampling strategy for data
collection. But because no technical limitation impedes the use of any point data
to produce any maps, survey data can be misused to produce maps of little use for
biogeography and conservation (or even worse, misleading maps).

3.2.1 Types of data

Species’ occurrence data are usually collected through:

• radio-telemetry;
• systematic surveys (trapping, sighting, scent-stations, . . . );
• occasional observations (possibly gathered opportunistically a posteriori from
other sources, e.g. museum specimens).

With radio-telemetry, many repeated data samples are collected on relatively few
individuals, which is particularly true for most studies on carnivores. When
mapped, radio-telemetry data are usually clumped in few areas, leaving large
empty spaces in the areas that were not used by the animals monitored. Clumping
may in part reflect avoidance of some habitat types, but it is also due to data
autocorrelation (i.e. the position of one data point in space depends on the position
of the previous data point collected). While a number of techniques exists to reduce
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autocorrelation from radio-telemetry data ( Johnson et al. 2008), these are effective
at the level of individual home-ranges, but cannot eliminate the clumping over a
large region due to unsampled individuals.

Good radio-telemetry data provide robust information on where individuals
were at the time of sampling. This dependability allows robust inferences on
individuals (internal anatomy of individual home-ranges, preference for a habitat
type over another, and possibly behavior) but sometimes with limited capability to
generalize to the whole population over a larger region. The possibility to general-
ize data depends on the size of home ranges and on the variability of habitat
availability in the region in relation to the individual choices in habitat use. For
large carnivores, with large home-ranges and low population density, it is more
feasible to radio-track a representative sample of the entire population of the study
region. When this is the case, the data collected can also be used to map the overall
distribution of the population (e.g. Falcucci et al. 2009). For small carnivores, with
small home ranges and high population densities, the number of individuals
surveyed through radio-telemetry is usually a small fraction of the entire popula-
tion in the study region, and the point data collected are unlikely to be representa-
tive of the population distribution. For carnivores with restricted niches, data on
the habitat preferences of relatively few individuals can be robustly extrapolated
(i.e. models are likely to be positively tested) to map the potential distribution of
the population over the study region through HSMs. On the other hand, for
adaptable carnivores (e.g. canids, many mustelids) in study regions that are highly
variable in habitat types, it is likely that different individuals use different habitat
types according to availability. In this case, unsampled individuals may live in
unsurveyed habitat types and this reduces the generality of the HSM.

Systematic surveys are usually aimed at the collection of few (if any) repeated
data on each of many individuals of a population, which may or may not be
individually recognized (recapture). The location of survey data should be defined a
priori on the basis of one of a number of possible sampling strategies (see Chapter 2).

Systematic survey data may include information on individuals, e.g. the fre-
quency of occurrence at each sampling site (if individual recognition is possible)
and individual behavior (if data were collected through direct observations), but
in general they are more suited for making inferences at the population level
(distribution, frequency of use of different habitat types). The use that can be
made of systematic survey data depends on the accuracy of the absence estimate
(see Chapter 2) and the sampling strategy used for data collection. If a probability
of absence is estimated, so that “true” absences are detected correctly, data collected
on regular grids can be used to draw the geographic range of a population (Gaston
1991) and detect the gaps between subpopulations. Scale (resolution and size of
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the study region) is fundamental in this respect. Many carnivores are capable of
long-distance movements to close even large gaps and to occupy previously unused
suitable habitat, therefore the knowledge, at least approximate, of the species’
dispersal capability is required. Regular grids and random points are usually not
the best strategy to collect data if the aim is to extrapolate the geographic distribu-
tion of the population through HSMs, because they do not guarantee even (or
proportional) sampling of all habitat types in the study region. Random survey data
stratified by habitat type are suitable for the extrapolation of the geographic
distribution of the population through HSMs, under the assumption that prefer-
ence for habitat types is proportional to use (assumption that is not necessarily
correct, see Garshelis 2000). When “true” absences are detected correctly, the data
are suitable for models based on presence/absence data, otherwise presence-only
methods can be used (see below).

Occasional data (e.g. from museum specimens, genetic evidence, camera traps,
trustworthy sightings, etc.) collected opportunistically, e.g. for the compilation of
atlases of species’ distribution, result in records being spatially biased towards
places that are easily accessed, taxonomically biased towards species that are
relatively conspicuous, and temporally biased, due to irregular recordings over
time (Keller and Scallan 1999; Polasky et al. 2000; Funk and Richardson 2002).
“True” absences cannot be inferred from this type of data, because no information
is available on the intensity of sampling in sites where the species has not been
recorded. Occasional data collected a posteriori have generally been accumulated
across large time spans and this should be accounted for in their analysis. Often,
however, it is assumed that species’ distributions are static, and that these data
represent a snapshot of the distribution taken at the present time. This ignores the
dynamic nature of species’ distributions due to dispersal or shifts in distribution
due to changed land-use or environmental conditions. Occasional data may
contain a number of false presences because of positional errors, errors in species’
identification, and habitat conversion occurred since the original collection of the
data point. These errors are usually difficult to assess, making them much less
robust than radio-telemetry and survey data for statistical and biological inference
(McKelvey et al. 2008).

3.2.2 Biological significance and time relevance

At each point locality surveyed, the outcome can be one of the following (MacKenzie
et al. 2006; and see Chapter 2):

1. detected (present);
2. not detected:
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2.1 estimated absent (with x% probability);
2.2 not found.

With radio-telemetry data, usually only outcome 1 is recorded (although depend-
ing on the technique used to locate individuals, their absence could be also
estimated with reasonable certainty). On the other hand, with occasional data,
even outcome 1 can be uncertain, due to the many potential sources of error in
space and time. With survey data, presence can be certain (if taxonomic and
positional errors can be excluded), “not detected” takes the form of either 2.1 or
2.2 depending on the design of the survey (Chapter 2). In the latter case, when a
species is not found but no probability can be attached to it, the information can be
highly uncertain (MacKenzie et al. 2002; Wintle et al. 2005) and should not be
used for any inferences.

What is the meaning of presence data for developing and interpreting maps?
Even where an animal is detected, not all locations are equal, although this is
difficult to tell after they have been transformed into coordinates on a map.
Animals move in the environment for a variety of reasons, including physiological
(feeding, resting, hibernating, traveling, migrating, etc.) and social (mating,
defending territory, dispersing, etc.). Not all the habitat they use is of high quality
(i.e. literally, increases their fitness) and this is especially true for carnivores.
Animals may move through low-quality habitat to reach a patch of high-quality
habitat, or because different patches of habitat are necessary to fulfill different
biological needs (e.g. eating and drinking; Garshelis 2000). Much of the area
actually occupied by species may represent sink habitat that is unable to sustain a
population without the contribution of immigrating individuals (Tyre et al. 2001).
For these reasons, a dataset of point localities of an animal population is not
necessarily representative of the (best) habitat used. This is especially true with
occasional data, mostly sightings and road kills, which are often biased towards
easily accessible areas (roads, urban areas) (Reddy and Davalos 2003) or between
different habitat types, and can be different across taxonomic groups in the same
area (Freitag et al. 1998). Furthermore, species are often under-recorded in the core
of their range, while outlying occurrences are recorded. For small carnivores in
particular, road kills or other dead animal reports are a common source of point
data, but they are mostly representative of the distribution of sink areas, not of
high-quality habitat. To avoid this potential weakness, maps should be thematic,
i.e. should be based on a coherent subset of data (maps of feeding areas, mortality
areas, etc.). Finally, in regions with high human pressure on the environment,
animals may live in the suboptimal habitat left, not in their optimal habitat.
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Therefore, even if the dataset is representative of the habitat used by the popula-
tion, this may not reflect the ideal species’ habitat.

While estimated absence with a high probability may appear to have a straight-
forward meaning, it has not, especially for carnivores. Time, on multiple scales, is
fundamental to interpret absence. Most carnivores are highly mobile for their size
and do not use their home ranges evenly throughout the year, therefore seasonal
home-ranges can differ widely. For example, male polecats and many other small
mustelids may appear transient during the breeding season, covering much more
space than used when they maintain (foraging) home ranges. As a result, the
distribution of an animal’s locations will be clumped during foraging and dispersed
during the breeding season. On a larger timescale, dispersal capability and (meta)
population dynamics should also be considered. For example, wolves and other
large carnivores do not occupy all the suitable habitat in a region at any given time,
but are capable of long-distance (several hundreds kilometers) dispersal to establish
populations in suitable sites that were not used for many years. Therefore, the
interpretation of absence data should be based on the knowledge of the species’
biology.

3.2.3 Extrapolating points to map the distribution of a population

Species’ occurrence data can be directly represented on maps, or extrapolated using
a variety of techniques (Figure 3.1). Five broad types of maps can be developed:

(1) simple point localities;
(2) buffers around point localities;
(3) grid cells containing point localities;
(4) contour lines around point localities (pattern, autocorrelation, geographic

models);
(5) HSMs fitted on point localities.

Because population distributions are multiscalar and change over time, any map of
the distribution of a population (even type 1 above) is a model, i.e. an abstract
representation of reality, and as such it is subject to underlying assumptions on
time, scale, and extrapolation method.

The simplest possible map of population distribution, i.e. a map representing
the coordinates of localities where individuals were found, is the only map that
does not involve any extrapolation. As such, this type of map is highly valuable to
develop any other more sophisticated maps, because it displays the original data. It
is also the most unrealistic estimate of the distribution: in fact it assumes that no
positional errors whatsoever exist in the data, that all individuals in the population
have been sampled, and that they don’t move. Point locality data seriously
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underestimate the actual area of occupancy because they are usually sparse and
discontinuous, and they inevitably misplace the actual area of occupancy because
species’ distributions change over time. In order to produce useful maps, point
locality data need to be extrapolated using a variety of techniques.

A very simple form of extrapolation is the creation of (circular) buffers around
point locations. The buffers can be used to relax the assumptions of the simple
point locality map, and the buffer size should be chosen accordingly. Buffers of the
size of an estimated error polygon would only relax the assumption of no positional
error, and would therefore be too small for most applications. Buffers in the order
of magnitude of a home range (individual or group, depending on the social system
of the species mapped) would relax assumptions about mobility of individuals over
time, and would identify the limits of the area where the individuals surveyed are
expected to be found during their normal ranging activity. For some intensively
studied populations of large carnivores, whose home ranges are large, the assump-
tion that all individuals (or all groups) in the region have been surveyed can be
realistic. In this case, a map of point localities surrounded by home-range wide
buffers would be a reasonable estimate of the population distribution in a short
time span. Still, this map would be useless to predict long-term seasonal, dispersal,
and colonization dynamics.

A very popular form of extrapolation of point locality data is obtained by
superimposing a grid to the set of points, and considering as occupied all the
cells that contain one or more point data. This extrapolation is routinely applied for
the production of distribution atlases. This method has many disadvantages with
respect to the buffer extrapolation. Usually it is not an informed extrapolation,
because the size of the grid cell is not chosen to match a biologically relevant size.
Therefore, there is a tradeoff with smaller grid cells lessening the likelihood of
commission errors but increasing the likelihood of omission errors simply by
chance. Species’ distributions, and patterns of species’ richness, are sensitive to
scaling (Stoms 1992). Using larger grid cells, or scaling up, reduces the impact of
spatial biases, but results in a decreased resolution, which in turn enhances the oasis
effect, by which grid cells are assigned the same weighting, regardless of the
number of occurrences they contain (Lawes and Piper 1998). In addition, while
buffers are centered around point localities, grid cells are not, increasing the
likelihood that a whole grid cell is considered occupied due to a point location
occurring close to its margin and/or in a small suitable patch within the cell.
Finally, grid cells are misleading because the cells cover the study region evenly, but
the data represented on the map are only presences. The empty cells can be easily
misinterpreted as absences, when in reality they are an irresolvable mix of absences,
under sampled and non-sampled cells.
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More sophisticated forms of interpolation can be based on the geographic
pattern of distribution of the known point localities. They belong to two groups:
those aimed at the definition of hard limits of the area where the population occurs
(geographic range), and those aimed at the estimation of the density of use of the
study region by the population. The methods that aim to identify the geographic
ranges implicitly assume a Boolean distribution of the population: present inside,
absent outside. This assumption is almost always false because species select their
habitat among those available and do not occupy their range entirely (Gaston
1993). These methods include the minimum convex polygon (MCP) surrounding
either all or a proportion (e.g. 95%) of the known localities where the population
has been recorded, and expert-based polygons. An additional assumption of the
MCP is that all outermost locations of the population have been detected, which
can be the case in relatively small study regions and for well-known species.
Polygons based on expert opinion can overcome this limitation, but at the expense
of subjectivity and lack of repeatability. Methods that identify the limits of the
population range can be useful for biogeographic analysis, e.g. to identify transition
zones between different communities, but are less suitable for fine-scale analysis,
e.g. conservation-related analysis aimed at setting protected areas, because they
contain many false positives (commission errors). This is especially true for
carnivores, whose population densities are usually low to very low and, therefore,
whose geographic ranges are largely unoccupied.

Extrapolation and interpolation methods that aim to estimate the density of use
of the study region include kernel algorithms (Worton 1989), and regression with
geographic coordinates (Lichstein et al. 2002). Kernel algorithms perform a
nonparametric smoothing that transforms a map of point localities in a continuous
map of utilization distribution (UD), a probability density function of the use of
the study region by the population. The UD can be represented as a 3D volume,
where x and y are the geographic coordinates of the study region, and z is the
density of the probability to find an individual of the population. The key
parameter that can be tweaked in the analysis is the smoothing distance, often
named h, which is the geographic distance within which point localities contribute
to the same local peak of the UD in the z dimension. Smaller values of h make the
UD sharper by fitting it more closely to the point locations, while larger values of
hmake it smoother and more loosely fitting on data points. From the UD, contour
lines can be drawn to include fixed proportions (e.g. 95, 75, 50%) of the UD, thus
defining cores and peripheries of the population range. Geographic models use the
geographic coordinates of point locality data on presences (and absences) to
extrapolate the density of use of the potential area where the population can be
found (Elith and Leathwick 2009). These models are a special case of the HSMs
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described below, where the only structural information on habitat is geographic
location.

Kernel algorithms and geographic models may also be collectively called
“structural”models, because they only rely on the spatial structure of point locality
data, ignoring habitat information. They rely on the autocorrelation of presence
data in space, therefore assume even sampling (and even detectability) across the
study region, so that the variation in the density of points of presence depends only
on variation in population density. Also, because these methods do not take into
consideration any relationship between species and habitats, they implicitly assume
that individuals do not show any habitat preference. While this is unlikely to be the
case, even for generalist species, such as foxes and raccoons, the distribution of
populations is inherently autocorrelated, so that the likelihood of finding an
individual in one site depends on the presence of other individuals in the
surroundings, as well as on habitat type. For example, a sink habitat may have a
high chance of being occupied if it is close to a source population. For this reason,
these methods should perform well in predicting species’ presence within a small
region, even if they do tell nothing about the quality of the site where an individual
is found.

3.2.4 Inductive HSM

Unlike the methods outlined previously, the extrapolation of inductive HSMs
relies on variables that are external to the distribution of point localities, namely the
variables that describe the habitat type. Knowledge of species–habitat relationships
is inferred from the habitat where the species has been recorded and the output is a
semiquantitative or quantitative probability of species’ occurrence or abundance
(Corsi et al. 2000). Inductive HSMs use spatially-incomplete information (species’
occurrences), to generate spatially comprehensive predictions of species’ distribu-
tions, avoiding many of the problems of scale inherent in the manual construction
of range maps and giving information about variation in likelihood of occurrence
or abundance. While the extrapolation and interpolation methods described
previously tend to smooth the differences between adjacent habitats, inductive
HSMs emphasize differences in habitat suitability by providing spatially explicit
probabilities or likelihoods of species’ occurrence or abundance. To estimate
habitat suitability for the species of interest across the study region, inductive
HSMs use maps of environmental variables, which may include vegetation
type, elevation, water, level of human disturbance, and climate (Guisan and
Zimmermann 2000). Based on the values of the environmental variables in the
sites where the species was recorded, they extrapolate the potential presence of the
species elsewhere.
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Methods for the development of inductive HSMs can be divided into those that
use only data on species’ presence, and those that use data on presence and absence
(or pseudo-absence). Modeling techniques based on presence-only data include
Mahalanobis distance (Clark et al. 1993), ecological niche factor analysis (ENFA)
(Hirzel et al. 2002), maximum entropy models (Maxent) (Phillips et al. 2006). All
these methods refer implicitly or explicitly to the concept of ecological niche.
Locations where the species have been found are considered to be representative of
the ideal habitat conditions (as described by the environmental variables chosen).
For each site in the study region, the distance to this ideal condition is measured (in
the multidimensional space of the same environmental variables), and defines the
level of suitability of the site; this is maximum where the conditions correspond to
those of sites where the species occurs, and decreases as the ecological distance
increases.

These types of models rely on a double assumption: that the point locality data
collected reflect the best habitat conditions for the population in the study region,
and that these habitat conditions correspond to the ideal habitat conditions for that
population. The first statement may be unrealistic for a variety of reasons, in
particular if the sample of locations is biased or if the biological significance of the
point data collected has been ignored or misunderstood. Although inductive
HSMs have extraordinary value in accommodating varying intensities of sampling,
the resulting predicted distributions may still reflect this bias (Kadmon et al. 2004)
and, when studying carnivores, it should be explicitly considered and resolved. The
second assumption is hard to test but its potential consequences should be
considered. The ideal habitat of a species is where the individual fitness is max-
imized (Krebs 2009). Ideal habitat may no longer be available to the species due to
human-induced conversion, and individuals may live in remnant suboptimal
habitat. Assuming that the best available habitat is the ideal habitat for a species
can lead to mistakes; for example, in the quantifications of extinction debts
(Tilman et al. 2002), reintroductions, assisted migration in response to climate
change (Hoegh-Guldberg et al. 2008). Techniques based only on presence data do
not calculate directly a probability of presence or absence, although for some of
them (including ENFA and MAXENT), methods exist to identify a cutoff for
interpreting low suitability levels as absences. The relative performance of these
models is reviewed in Elith et al. (2006). They found that methods relying on
presence-only data perform well, as compared to methods based on presence and
absence data, and that the novel techniques outperform the most established ones.

Modeling methods based on presence and absence data use a variety of regres-
sion techniques (general linear models, generalized linear models, generalized
additive models, etc.) to estimate the probability (conditional to the data and
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method used; Wilson et al. 2005) that the species of interest is present across
the study region. The different techniques have been discussed thoroughly else-
where in the literature (Scott et al. 2002; Elith and Leathwick 2009), therefore they
are not covered in detail here. It is worth remarking here that, in addition to the
assumptions of presence-only HSMs, these models assume that absence has been
correctly estimated. As discussed in Chapter 2, presences can be easily overlooked,
making this assumption difficult to defend. This is particularly true for carnivores,
which are usually elusive species and highly mobile over large home-ranges.
Sometimes, in the absence of robust absence data, these models are fitted to
presence and pseudo-absence data (Elith et al. 2006), i.e. point localities where
the species was not recorded (and sometimes chosen because they are very different
in terms of habitat type from the points where it was recorded). This may be a
reasonable practice for species that are well-known habitat specialists, but it would
be dangerous to apply to a generalist species (many carnivores), unless the popula-
tion of interest has been extensively sampled, because habitat choice may be highly
variable among different individuals, and unsampled individuals may behave
unexpectedly. We strongly caution against the use of modeling techniques that
require absence or pseudo-absence data of carnivore.

Further assumptions in common among the techniques for the development of
inductive HSMs regard data quality, quantity, and spatial structure. Low-quality
data include those that contain errors (positional, taxonomical) and those that are
biologically irrelevant (e.g. an individual crossing a low suitability habitat) or
misleading (e.g. data biased towards accessible areas, or locations of dead animals).
These data may introduce errors or bias in the estimated suitability of a habitat
type. Data quantity should be evaluated not only from a statistical, but also from a
biological point of view. For most HSMs it has been suggested that 30–50
(sometimes fewer) data points are sufficient to develop a robust model (Elith
et al. 2006; Phillips et al. 2006). While this is statistically correct, it is not
necessarily biologically sensible. Considerations of the number of individuals
sampled (also in terms of the fraction of the population of interest that they
represent), and of the seasonal variability of behavior, are necessary to evaluate
the usefulness of the maps produced. An evaluation (at least visual) of the spatial
structure of the data is also necessary to assess the extent to which an inductive
HSM can be extrapolated to distant places. Many carnivores (e.g. leopards, jaguars,
wolverines, foxes) have very large geographic ranges, and use very different types of
habitat in different portions of their ranges. Point data from one portion of a range
would produce very poor predictions of the suitability of other, distant sites
(e.g. point data for the leopard in African forest would be poor predictors of
suitability in Asian semi-deserts).
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3.2.5 Caveats and limitations of deductive and inductive HSM

The availability of maps of environmental variables represents a limiting factor for
the predictive power of HSMs. This is best illustrated with the example of semi-
aquatic carnivores, e.g. river otters (Lutra lutra, Lontra canadensis). The distribu-
tion of these carnivores is dependent on the presence of sometimes small water
courses, which are often poorly mapped. The choice in this case is between
incorporating in the HSM an inaccurate or incomplete layer of water courses,
which would introduce false absences due to some water courses not being mapped
correctly, or not using the layer and introduce a number of false positives due to the
fact that a key limiting factor of otter distribution is missing.

Another limitation of HSMs is related to the resolution at which environmental
variables are mapped. Unless the maps are compiled for the purpose of modeling
the species of interest, their resolution often does not match the scale at which the
species uses the environment. As a result, individuals of low-vagility species might
be capable of inhabiting fragments of habitat that are much smaller than the
resolution of existing maps, introducing errors of omission. These omission errors
might be biased to particular types of land cover (e.g. fragmented habitats might be
omitted as good habitat if existing maps are too coarse to identify small fragments),
and can in turn result in geographic biases in the predicted distribution data.
Habitat that is fragmented due to anthropogenic reasons tends to occur in low-
altitude areas that are more readily accessible and therefore the distribution of the
species might be incorrectly associated with high-altitude areas.

The majority of species’ distribution models are limited to the relationships
between species and the environment, and do not take into account historical and
biogeographical factors affecting species’ distributions. This problem is often
circumvented by constraining the output of models to the known EOO of the
species (Rondinini et al. 2005; Boitani et al. 2008) or can be accommodated
through the inclusion of spatial variables (linear and exponential terms derived
from geographic coordinates; Lichstein et al. 2002). Furthermore, the probability
of a species’ occurrence depends on many factors that are unlikely to be included as
explanatory variables in an HSM. Such factors might include prey density, inter-
specific competition, population dynamics, individual behavior (Van Horne
1983), and human activities and attitudes that threaten the population. For
carnivores in particular, humans are often a primary cause of mortality (legal or
illegal killings due to conflicts, accidental mortality). When this is the case, further
insights on the potential distribution of the population can be gained by overlaying
to the traditional HSM, based on environmental variables, a second model,
predicting potential mortality areas on the basis of human-related variables (density
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of human population, livestock, other potential sources of conflict, roads, etc.).
This technique, also known as double-layer modeling (Naves et al. 2003; Falcucci
et al. 2009), may aid the identification of potential sink areas, where habitat
suitability and mortality are both high.

The evaluation of the predictive power of HSMs should always be carried out
with data independent from those used for model development, to avoid overopti-
mistic results (Guisan and Zimmermann 2000). Even so, the result depends on
some properties of data and models, namely prevalence, sensitivity, and specificity.
Data prevalence is the proportion of sites where the species was detected, and model
prevalence is the proportion of sites where the species is predicted present.
Sensitivity is the proportion of sites where the species is correctly predicted present,
and specificity the proportion of sites where it is correctly predicted absent. For
carnivores, data prevalence is usually low, because of low population density and
low detection probability. On the other hand, model prevalence is often high,
because individuals are often found in a variety of habitats, therefore the high
proportion of sites is predicted suitable. This has two consequences. One is that the
maps of carnivore distribution derived from inductive HSMs will provide an
optimistic picture of the population distribution, with many suitable areas. Yet,
due to the low density of carnivore populations, many of these suitable areas will
not be occupied at any given time (Gaston 1993). Therefore these maps should be
interpreted, much more than for other taxa, as potential distributions. The second
consequence is that, even by chance, sensitivity tends to be high and specificity
low. When no reliable absence data are available, only sensitivity can be measured,
therefore the HSM will appear to perform well, even if in reality it assigns
suitability at random. In such cases, to avoid overestimating the predictive power
of the HSM, a comparison with random Monte Carlo simulations can be per-
formed to test whether the sensitivity of models is significantly higher than random
(Catullo et al. 2008).

OUP CORRECTED PROOF – FINAL, 16/12/2011, SPi

46 | Carnivore Ecology and Conservation



4
Noninvasive sampling for carnivores

Marcella J. Kelly, Julie Betsch, Claudia Wultsch,
Bernardo Mesa, and L. Scott Mills

Now is an exciting time to study carnivore ecology via noninvasive sampling
methods. Technological and methodological advances, and new techniques for
data analysis, have contributed to a rapid increase in noninvasive carnivore studies.
These studies complement and extend inferences from traditional sampling regard-
ing individuals, populations, and communities. Today, researchers can estimate
size and survival rate for a population, estimate historic and current rates of
movement across fragmented landscapes, and measure carnivore stress loads with-
out ever catching, handling, or even seeing a single animal. Noninvasive sampling
is the gathering of data without capturing, handling, or otherwise physically
restraining individual animals. The techniques usually imply that a target animal
is not observed during data collection and, presumably, is unaffected by data
collection. Although direct animal observations for behavioral studies and for
distance sampling may also be considered noninvasive, we do not include these
direct observation methods. Noninvasive data-collection methods include sign
surveys, diet analyses, camera trapping, DNA extraction, and endocrine (see
Chapter 12) or disease monitoring (see Chapter 13) from scats and hair. Perhaps
a better name is “less invasive” because we do not really know the impact, for
example, of removing scat samples found in a jaguar (Panthera onca) habitat for
2 months. Such a study might disrupt marking behavior and unknown impacts
could arise in a study site from the presence of a trained scent-detecting dog
locating scats. Nonetheless, the term has gained familiarity and become conven-
tional (Long et al. 2008a).

Why use noninvasive sampling? The advantages are numerous. Capture and
handling are highly stressful and potentially dangerous to both humans and
animals, especially with large carnivores. Invasive studies require more permitting,
especially with endangered species, and often suffer issues with animal care and use
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committees. In addition, capture, handling, and subsequent monitoring are usually
expensive, logistically difficult, time consuming, and result in small samples sizes,
limiting population-level inferences, especially for elusive, low-density, or trap-shy
animals. By contrast, noninvasive techniques can produce larger sample sizes,
reducing bias, increasing precision, and broadening the scope of potential hypoth-
eses. Noninvasive field sampling is often relatively simple to employ and to
standardize, training inexperienced people can be easy and studies can cover
large areas. Finally, noninvasive sampling is less likely to induce a trap response
in animals, again reducing human-induced bias.

While noninvasive techniques supply new information and hold great promise,
we do not suggest that they should replace all traditional capture and handling
studies, such as those to obtain information about body condition, to collect blood,
or to affix transmitters for studies of movements, home ranges, and habitat
selection (Chapters 6, 7, 8, 9, and 10). This chapter echoes and extends the recent
book on this topic (Long et al. 2008a), and focuses on recent advances.

4.1 Methods of noninvasive sampling

4.1.1 Sign surveys

Naturalists have sampled carnivores noninvasively for decades. Skillful, field-based
identification of tracks, scats, kills, bones, and hair have illuminated much of what
we know about distribution and habits of carnivores, and have instilled a deep
appreciation for natural history. In fact, identification of animal sign can be quite
reliable in some instances. For example, Prugh and Ritland (2005) identified
coyote (Canis latrans) scats by morphology with >90% accuracy in the Alaska
Range, despite the presence of three other similarly sized carnivores. In other cases,
however, scat identification by morphology alone is prone to error. For example,
18% of scats identified with high confidence by experienced field collectors as
marten (Martes martes) scats were actually from foxes (Vulpes vulpes, Davison et al.
2002). Misidentification of carnivore sign in the field occurs more often when the
target species is rare (Prugh and Ritland 2005).

As with scat, identification of tracks in snow, dirt, and mud can be useful and at
times reliable. However, identification problems can arise due to substrate quality
and animal movements (Heinemeyer et al. 2008). If concerns about uncertainty
can be ameliorated, track surveys can be effective and inexpensive for occurrence
and distributional studies. Snow tracking has been used widely in the US (Zielinski
and Kucera 1995), Canada, and Scandinavia (Pellikka et al. 2005; Hellstedt et al.
2006) to monitor populations of diverse carnivores. In open landscapes, snow
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tracking even can be conducted from helicopters or planes (Heinemeyer and
Copeland 1999).

Carnivore presence can also be determined from hair (from scats, kill sites, or
hair snags) using macro- or microscopic examination of hair morphology (Raphael
1994; Teerink 2003). Where all sympatric carnivores and other species with
similar hair patterns can be catalogued, hair morphology may be diagnostic for
species’ identification (Oli 1993; Gonzalez-Esteban et al. 2006). In many cases,
unfortunately, no diagnostic visual or microscopic characteristics exist for species’
identification, e.g. black versus grizzly bears (Ursus Americana vs U. arctos, Woods
et al. 1999); and hairs from different parts of the body may have different
morphology.

Other sign, such as scrapes, tree nests, latrines, and kills, can also be used to
survey for specific carnivores. Identifying sign is a terrific natural history skill, but
sign surveys by themselves supply limited information, due to species’ misidentifi-
cation and inability to distinguish individuals. Assuming, however, that species’
identity from sign surveys is accurate, “occupancy modeling” (Chapters 2, 11, 16;
MacKenzie and Nichols 2004; MacKenzie et al. 2006) allows researchers to
combine detection/non-detection histories with spatial modeling to estimate and
to predict species’ occurrence across a landscape. By incorporating estimates of
detectability from sign surveys directly, this approach corrects the inherent negative
bias present in naïve occupancy estimates (MacKenzie et al. 2003; Tyre et al.
2003).

4.1.2 Genetic sampling

Noninvasive collection of genetic samples is limited only by the creativity and
natural history knowledge of the investigator. Carnivore hairs and scats are the two
most commonly collected genetic samples. Hairs are often obtained via snags or
rub devices (Figure 4.1). To sample bears, researchers have strung barbed wire
around bait, and bears leave hair on the wire when approaching the bait (Woods
et al. 1999; Mowat and Strobeck 2000; Kendall et al. 2009). Sampling bears’
natural rub trees can detect bears not sampled by barbed wire corrals (Boulanger
et al. 2008; Stetz et al. 2010). After McDaniel et al. (2000) published a protocol for
a baited hair-collecting pad, using roofing nails for Canada lynx surveys, this
collection device was used to sample Eurasian lynxes (Schmidt and Kowalczyk
2006), ocelots (Leopardis pardalis, Weaver et al. 2005), and felids in the tropics
(Castro-Arellano et al. 2008). Rub pads and backtracking putative lynx tracks in
snow to collect scats and hairs is more efficient than rub pads alone (McKelvey
et al. 2006). Zielinski et al. (2006) used glue tips to collect hair from small forest
carnivores.
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Hair-snag devices are usually inexpensive and easy to install but require carni-
vores to find them (potentially necessitating baits and species-specific attractants)
and to rub against them. For some species, the amount of DNA left may be very
small (e.g. single hairs or hair fragments). Hairs with follicles provide higher quality
DNA extracts than do scats, which have more agents that inhibit and prevent
amplification. A single hair, however, usually yields much less DNA than feces.
Multiple hairs can usually be pooled to increase DNA yield for species’ detection
studies, because diagnostic bands for multiple species can be simultaneously
visualized. When individual identity is required, however, pooling multiple hairs
is risky because it can create false, “new” genotypic individuals (see Alpers et al.
2003; Roon et al. 2005). Researchers must accept the low DNA yield from single
hairs, or perhaps develop a hair snag that allows only one animal to rub it (Beier
et al. 2005; Bremner-Harrison et al. 2006).

Fig. 4.1 A barbed wire hair snag “capturing” black bear hair for later DNA analysis. As
part of a road ecology study, barbed wire was strung along the entirety of an 11-mile
stretch of a highway, which was due to be widened. In addition to locating hotspots of
road crossing (and identifying areas for potential underpasses), this study examined
which sex and individuals were more likely to cross roads and where. Photo courtesy of
J. Andrew Trent, Virginia Tech.
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Fecal DNA originating from cells sloughed from the intestinal lining and
extracted from scat samples can be collected from elusive carnivores, which often
deposit scat at prominent sites for intra- and interspecific communication
(Gorman and Trowbridge 1989; Barja et al. 2005). Typically, scats are collected
by walking transects and searching visually. Efficiency can be increased by follow-
ing animal tracks in the snow, sand, mud, or dust (McKelvey et al. 2006; Ulizio
et al. 2006; Marucco et al. 2008).

Researchers also can increase scat-collection rates, even over large, remote areas,
by using scent-detecting or scat-detector dogs (Canis familiaris; Hurt et al. 2000;
Wasser et al. 2004; Smith et al. 2005, 2003; Long et al. 2007; MacKay et al. 2008).
Detector dogs commonly are trained and handled following protocols applied for
search-and-rescue dogs (MacKay et al. 2008). The dogs must have a strong, object-
oriented drive towards a toy or food, which serves as a reward after successful
detection. High-performing detection dogs are hard-working, energetic, focused,
bold individuals, and are selected independent of breed or sex (Svartberg 2002;
Maejima et al. 2007; Rooney et al. 2007). They require much attention and
focused care from trained, professional handlers. A handler needs to learn a dog’s
behavior and body language to interpret detection alerts correctly under difficult
field conditions. Handlers must have knowledge of scent-direction patterns in
challenging environments (Shivik 2002; Gazit and Terkel 2003). After a dog alerts
its handler (Figure 4.2), the handler investigates the find, being careful about body
language so as not to affect the dog’s response, and decides if the dog was successful
and deserves a reward. Handlers should carry and use target scats during periods of
low scat detections to keep dogs motivated and reliable (i.e. prevent false detections
to get its toy).

Using scat dogs in a survey design depends on study objectives, habitat, and
characteristics of the target species and budget (scat dogs can be expensive).
Established trails and roads may be used in some cases, as when DeMatteo et al.
(2009) surveyed for bush dog scats within 15 m of both sides of trails and roads
through thick tropical vegetation. In other cases, opportunistic searches may be
made within survey grid cells (Wasser et al. 2004; Wultsch 2008; Figure 4.3), or
following predefined transect routes (Smith et al. 2006; Long et al. 2007). If scat
dogs follow the trails of individuals of the target species, scats will not be a random
or representative sample from the population. This bias is important for some
studies. Finally, study design must include tests of scat dogs to document error rate
for each individual.

Once collected, samples must be properly stored to inhibit enzymes that degrade
DNA. In general, hair samples are easy to store. In dry environments, simply place
hairs in individual paper envelopes; in humid climates, dry them quickly and
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completely with silica gel drying agent. For scats, DNA quality can vary depending
on collection location, environmental conditions (e.g. UV light, humidity, mold)
and the region of the scat sampled (Wultsch 2008). Dry scat samples in silica gel,
with at least 5X desiccant per part of sample. Samples can be frozen, but repeated
freeze–thaw should be avoided (do not use household freezers with self-defrost).
A scraping of a scat to obtain shed epithelial cells can be put into buffer solution in
the field, preferably into screw-top tubes to prevent leakage. Liquid storage
techniques, such as ethanol (>95%) and DET buffers (at 5–10 parts per part of
sample), are excellent for DNA preservation, but ethanol has a tendency to leak.

Other sample types can be stored similarly. For example, DNA collected from
saliva with a Q-tip-like swab, either directly from a carnivore or from a prey item
bite wound to determine the species and identity of the predator (Sundqvist et al.
2008), can be allowed to dry in a paper envelope (avoid plastic bags) or, for longer
term storage, placed in Longmire buffer. Urine samples can be collected with
swabs or collected directly from snow and kept frozen until DNA extraction (e.g.
Hedmark et al. 2004; Sastre et al. 2009).

Fig. 4.2 Example of a sit alert by a scat detection dog, Billy, upon finding a felid scat in
Belize, Central America.
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Obtaining at least 5–10 known tissue or blood samples—preferably from the
same animals for which noninvasive samples were collected—allows optimization
of laboratory protocols and determination of genotyping errors (see Section 4.2.1).
High-quality samples may include ear tissue punches < or ~5 drops of blood.

Fig. 4.3 An example of a survey designed specifically for capture–recapture estimates of
abundance of felids and to compare two noninvasive survey techniques (remote cameras
and molecular scatology) in Belize, Central America. Remote cameras were placed at
1.5–3.0-km intervals for ocelots and jaguars and were operational for 2.5 months.
Camera data were collapsed such that every 10 days was one encounter occasion for
~8 encounter occasions for capture–recapture population estimates. A 4 � 4 km grid
was superimposed over the camera grid and a scat-dog team searched opportunistically
for felid scat for a minimum of 5 km per grid cell. After completing all grid cells in roughly
10 days, the scat-dog team repeated the survey up to five times to create five encounter
occasions for mark–recapture. Two camera stations were left out of the analysis due to
difficulties in reaching those stations with the scat dog.
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Tissue samples can be desiccated in silica, stored in ethanol, or frozen. Blood can be
stored dry on filter paper, frozen, or preserved in buffer.

The benefit of silica, ethanol, Longmire or DET buffer preservation is that
samples can be stored at room temperature. Nonetheless, freezing samples at
–20�C (or colder) is advisable to increase DNA yield. Getting samples to the lab
for extraction within a few weeks or months, increases amplification success. Field
personnel must be vigilant to guard against cross-contaminating samples during
collection. The proper steps include using new latex gloves with each sample,
sterilizing instruments with alcohol and flame before each collection, and storing
different samples in different, well-labeled containers. Data organization is facili-
tated through a bar code system using peel-off labels to link physical samples to
information (e.g. time, location) on data sheets (Kendall and McKelvey 2008).
Methods for extracting and storing DNA are evolving rapidly; readers should see
reviews and check the forensic genetics literature (e.g. Oyler-McCance and Leberg
2005; Schwartz and Monfort 2008; Beja-Pereira et al. 2009; Morling 2009).

4.1.3 Camera-trap sampling

Photographing wildlife via remotely triggered cameras (camera trapping) emerged
in 1877 (Guggisberg 1977) but was little used until the invention of infrared,
automatically tripped cameras in the 1980s. Cameras became commercially avail-
able, lightweight, and easy to operate. In the mid-1990s, large-scale camera grids
were linked with capture–mark–recapture analysis to estimate animal abundance
(Karanth 1995; Karanth and Nichols 1998, Chapter 5). The 2000s brought digital
camera technology. Widespread, remote camera use has resulted in an increase in
carnivore inventories, due to the ability to photograph multiple species at the same
site (e.g. Barea-Azcon et al. 2007; Datta et al. 2008; Tobler et al. 2008; Can and
Togan 2009; Johnson et al. 2009; Pettorelli et al. 2009).

Two infrared trigger mechanisms exist in remote camera technology: active and
passive infrared systems. An active infrared beam is triggered by an animal breaking
an infrared beam that passes from a transmitting unit through the detection zone to
a receiving unit. A passive infrared system is triggered by the heat difference between
the animal and the environment as the animal moves past a heat and/or motion
sensor (Kays and Slauson 2008). While pressure pad and baited string-trip cameras
are still useful (King et al. 2007), most modern studies use passive infrared systems.
Camera flashes at night may cause aversion and may be potentially damaging to the
eyes of mammals (Schipper 2007), yet some carnivores appear attracted to a flash,
especially large felids (personal experience). Digital camera options now include
white flash and infrared flash, but image quality is still low with the latter.

Digital camera durability and reliability are increasing and, most importantly,
they do not have the 36-exposure limit of film cameras. Some passive digital
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systems can transmit images wirelessly to a base station or laptop computer.
Additionally, many models can collect short video sequences.

4.1.4 Endocrine/hormone sampling

Hormones affect physiological processes that maintain homeostasis allowing an
animal to cope with its environment. The emerging discipline of “conservation
physiology” seeks to understand the physiological responses of animals to environ-
ments altered by human disturbance (Wikelski and Cooke 2006). Noninvasive
endocrine tools are employed to monitor wildlife populations and individuals
(Berger et al. 1999; Foley et al. 2001; Garnier et al. 2002; Sands and Creel
2004; Cockrem 2005). Immunoassays can measure the concentration of select
hormones and their metabolites from noninvasively collected samples such as scats
(Wasser et al. 1988, Creel et al. 1997, Barja et al. 2008), urine (Thompson and
Wrangham 2008, Braun et al. 2009), saliva (Queyras and Carosi 2004), and hair
(Koren et al. 2002). Due to metabolic clearance rates and gut transit time, fecal
metabolite concentration represents a cumulative concentration over time
(Schwarzenberger 1996). The length of time depends on the species and the
stressor, and requires background research in controlled conditions.

Two types of steroid hormones are commonly assessed in noninvasive studies of
wildlife endocrinology: adrenal and gonadal. Adrenal hormones, including gluco-
corticoids (GLCs), also known as stress hormones, are commonly measured as an
indicator of overall physiological condition of an individual or a population.
Gonadal hormones, such as progestagens, estrogens, and androgens, are used to
determine puberty, estrous, ovulation, pregnancy, abortion, and sex (Brown and
Wildt 1997; Morato et al. 2004; Sanson et al. 2005; Graham et al. 2006;
Dehnhard et al. 2008; Herrick et al. 2010).

In biological samples, hormones can be assessed through both quantitative and
qualitative techniques. Immunoassays and spectrometric techniques can detect
small concentrations and immunoassay techniques are used widely in wildlife
physiology (Chapter 12). While conservation physiology is an exciting, emerging
discipline, multiple cautions exist. Background hormone levels, time-lags in
endocrine response, impacts of age, sex, social status, and microflora on metabo-
lite levels, can confound assessments of potential stressors. So far, most studies
are correlative and do not directly address cause and effect (Millspaugh and
Washburn 2004; Chapter 10). Although chronically elevated GLCs induced
by a persistent stressor can have negative effects on an organism, including
behavioral, reproductive, metabolic, immune, and neurological functions, to
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date GLCs have not been linked to meaningful measures of fitness or population
dynamics, and are often linked only indirectly to potential stressors.

4.2 Recent tools and advances in noninvasive sampling

4.2.1 Noninvasive DNA techniques

DNA can be collected by sampling hair, scats, urine, regurgitates, saliva, or nearly
any other sloughed piece from an animal. The current deluge of noninvasive
genetic sampling for carnivores traces its roots to a single development in the late
1980s: the invention and commercialization of the polymerase chain reaction
(PCR). PCR “amplifies” DNA, producing millions of copies of the original
template DNA, so that researchers can decipher the genetic makeup of organisms
from noninvasively collected samples that may be of poor quality or small quantity.

A DNA marker is a sequence of DNA amplified via PCR. Fragment analyses
separate targeted pieces of DNA by size. For species’ identification, fragments often
are amplified from mtDNA because the high copy number increases the probabil-
ity of amplification for low-quantity, low-quality samples. Often, the size of the
amplified DNA itself is not diagnostic for different species, so the amplified
product is broken into species-specific pieces, known as RFLPs (restriction frag-
ment length polymporphisms). Different-sized fragments, diagnostic for each
species, are produced depending on whether and how mutations have changed
the DNA sequences recognized by the endonuclease (Figure 4.4). RFLPs have
been applied to differentiate endangered species, such as the San Joaquin kit foxes
from other cooccurring canid species (red fox, grey fox, coyote, domestic dog)
(Paxinos et al. 1997) and to identify species of felids, ursids, and mustelids (Mills
et al. 2000a; Riddle et al. 2003; Vercillo et al. 2004; Colli et al. 2005; Bidlack et al.
2007; Livia et al. 2007).

These fragment approaches are fast and inexpensive but they can be limited by
potential variation in mtDNA fragment lengths among individuals within a
species. In addition, species sampled must be known a priori, and primers and
restriction enzymes must have been identified. Where carnivore species are little
known, amplified fragments can be sequenced. A nucleotide sequence must then
be compared to known sequences archived in a sequence database (e.g. GenBank).
Direct sequencing is expensive (though prices are dropping) and can contaminate
the signal of the carnivore with that of its prey, if the sample is scat.

A rapidly developing variant of sequenced mtDNA fragments for species’
identification is named “The Barcode of Life Initiative” (Savolainen et al. 2005;
Ratnasingham and Hebert 2007; www.barcodinglife.org). DNA barcoding
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Fig. 4.4 An example of RFLP (restriction fragment length polymporphisms) fragment
analysis of mtDNA to distinguish different forest mustelids of the northern USA, using
single hairs from noninvasive snags (from Riddle et al. 2003). After amplifying the
cytochorome b region of mtDNA with PCR, the DNA was digested with three different
restriction enzymes, creating species-specific fragments that collectively distinguish
among different species. The first and last lanes are a molecular ladder that helps to
determine size of the bands, and the uncut standard contains a PCR product from a
wolverine not subjected to the restriction digests; the negative control is pure water to
check for contamination. An example for practice: the first restriction digest (HinfI)
distinguishes between marten (with two fragments, of 329 and 113 bp in size) and
wolverine (with three fragments of 212, 132, and 98 bp), but wolverine has exactly the
same bands as fisher (which appear lighter but are still present). So the next digest
(HaeIII) distinguishes between wolverine (259, 140, and 43 bp) and fisher (259 and
183 bp). Thus multiple restriction enzymes are like multiple morphological character-
istics that we might use to tell different species apart.
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depends on standardized analyses of a specific DNA region for all species on earth.
For animals, the accepted barcode region is a 648-bp region of the mitochondrial
Cytochrome c oxidase subunit I (referred to as cox1 or COI). Barcoding is
well-suited to noninvasively collected carnivore samples and has standardized
methodology.

Microsatellites, or simple-sequence repeats (SSRs), are short sequences of
nuclear DNA repeated between 5 and 100 times, which are widely used for
individual-level questions in carnivores. Microsatellite loci typically have high
variation within species and are codominant, with alleles displaying Mendelian
inheritance. Thus, microsatellites are well-suited to traditional population genetic
models and to distinguishing individuals. Sets of highly polymorphic microsatellite
loci have been identified for many different carnivore species. Likewise, single
nucleotide polymorphisms (SNPs) can be used to address individual-level ques-
tions related to genetic variation and population structure, parentage and related-
ness, and individual identity (Morin et al. 2004; Morin and McCarthy 2007).

The future for carnivore genetic sampling lies in complementing the neutral
markers described above with markers that describe, or are linked to, genes of
known coding function. These markers, only now being developed for wildlife
species, will bring us one step closer to describing fitness attributes directly.
These may range from behaviors (e.g. sprint speed), to morphology (e.g. muscle
structure), to physiology (e.g. biochemical processing of nutrients).

For carnivore sex determination, a gene present only on the male
Y chromosome, such as the SRY gene (testis determining factor), will amplify
and be detected in males but not in females. To control for amplification failure,
this method usually requires co-amplifying 1 or more microsatellite loci as a
control. A second approach amplifies a portion of DNA with alleles of different
size residing on both the X and Y chromosomes (Shaw et al. 2003). Carnivore sex
determination has been applied to fecal samples from sympatric felids in North
America (Pilgrim et al. 2005) and Asia (Wei et al. 2008).

Any time a recorded genotype, or molecular marker, deviates from the actual
genotype or marker, a genotyping error has occurred. Although improvements in
lab technology and techniques have decreased many forms of genotyping error,
it remains an inescapable issue made more prevalent with the low-quantity,
low-quality DNA yields of noninvasively collected samples. If unaccounted for,
genotyping error could compromise all uses of noninvasively collected DNA
samples, including species and individual identity, paternity analysis, occupancy
and abundance, gene flow, forensics, and behavior. Some standards for minimizing
and measuring genotyping error include following strict protocols, genotyping
each specimen multiple times to obtain consensus genotypes (Waits and Paetkau
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2005), using statistical metrics to determine levels of genotyping error (McKelvey
and Schwartz 2004), and proper use of blind controls (Mills 2002). Once esti-
mated, genotyping error can be incorporated explicitly into parameter estimates
(e.g. abundance: Lukacs and Burnham 2005; paternity: Kalinowski et al. 2007;
Knapp et al. 2009).

Genotyping error has been extensively evaluated for abundance estimation,
where failing to account for genotyping errors can cause successive captures from
the same individual to appear to be from different individuals, biasing the estimates
of abundance high (Waits and Leberg 2000). The opposite problem, a low bias,
arises when different animals fail to be distinguished due to having too few loci or
having too little variation. This phenomenon, termed the “shadow effect” because
different animals appear as identical genetic shadows of each other (Mills et al.
2000b), decreases as many, highly variable loci become available for most species.

In short, genotyping error is an important consideration in designing and
implementing noninvasive genetic studies. It may cost more (e.g. by running
each sample multiple times), and it may make the analysis more complicated,
but the reward will be more precise and unbiased estimates.

4.2.2 Using noninvasive DNA data

Genetic data can be used to estimate species’ distributions. Berry et al. (2007) used
fecal DNA sampling to provide range information for invasive but cryptic red
foxes, a devastating pest, in Tasmania. Canada lynx range distribution on national
forest land across the USA was surveyed with mtDNA obtained from hair collected
both from baited hair-traps and from backtracking tracks in snow (Mills 2002;
McKelvey et al 2006). Nicholson and van Manen (2009) used hair samples to
document that site occupancy for black bears decreased after completion of a new
highway in North Carolina and that the decrease was not a function of distance
from the highway, rather, the highway affected the entire study area.

The ability of noninvasive genetic sampling to identify individuals makes
available the entire body of capture–mark–recapture methods for abundance
estimation (Chapter 5). Capture–recapture studies use two basic genetic
approaches. The first uses multiple discrete “capture” occasions (Otis et al. 1978;
Huggins 1989). Hair traps, for example, are spread across a landscape in grid-like
fashion (Tredick and Vaughan 2009), or opportunistically with regular or clustered
spacing (Kendall et al. 2009; Robinson et al. 2009). Capture periods last several
days to weeks, depending on frequency of returning to the traps to collect hair, and
data are analyzed with closed capture models (e.g. Program MARK). The second
approach uses continuous trapping, wherein individuals can be “captured” multi-
ple times (e.g. hair snared on multiple traps) within a single trapping occasion

OUP CORRECTED PROOF – FINAL, 5/12/2011, SPi

Noninvasive sampling for carnivores | 59



(Miller et al. 2005; Petit and Valiere 2006). The samples resemble random draws
from the population with replacement and can be analyzed with closed capture
models in CAPWIRE (Miller et al. 2005) or BAYESN (Gazey and Staley 1986;
Petit and Valiere 2006).

Noninvasive genetic sampling can extend capture–recapture techniques over
time (e.g. years) to obtain multiple estimates of population size. Such data can yield
estimates of population growth, survival, and recruitment. In the Alaska range,
Prugh et al. (2005) used fecal genotyping of 834 scat samples over a 3-year period
to estimate coyote survival rates. Interestingly, they found that radio-collared
individuals had higher survival rates than uncollared individuals, but that survival
did not differ between the sexes. Marucco et al. (2008) genotyped 1399 scats from
14 sampling sessions of wolves recolonizing the Western Alps in Italy and France.
Using open-population models and AIC model selection they documented that
young wolves had lower apparent annual survival than adults, that survival rates
were lower in the summer than in the winter, and that population growth over 7
years was positive (º = 1.04) but lower than that recorded for other recolonizing
wolf populations.

Noninvasive genetic sampling provides researchers with new approaches to use
landscape genetics to elucidate conservation challenges. Although the seminal
theory for quantifying population structure from genetic data dates back to Sewall
Wright (1931), the field of “landscape genetics” has blossomed as a recent integra-
tive discipline to understand how landscape features affect animal movement and
local adaptation (Storfer et al. 2007; Balkenhol et al. 2009; Sork and Waits 2010).
FST (Wright’s measure of genetic distance) or coalescent approaches provide relative
measures of gene flow, assuming equilibrium between genetic drift increasing
divergence and gene flow decreasing it. Because this equilibrium would have
been achieved many generations previously, before recent human-caused popula-
tion fragmentation, these measures may essentially provide a window into historic
levels of connectivity. By contrast, current levels of gene flow (interpopulation
movement followed by breeding), analogous to immigration-and-reproduction
events measured by radio-telemetry, can be estimated by genetic assignment tests.
As an example, Proctor et al. (2005) used hair traps to survey for grizzly bears on
both sides of a major highway just north of the US–Canada border. They used two
approaches to test for migrants. First they used area-specific allele frequencies in a
likelihood-based assignment test (Paetkau et al. 1995). Individual were “assigned”
to the area with the highest probability of occurrence. Second, they used a model-
based clustering method in program STRUCTURE (Pritchard et al. 2000), which
clusters individuals into groups through iterative assignments and probabilities of
origin. Individuals that are repeatedly assigned to a group other than where they
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were captured, are considered putative migrants. The results were striking: a
surprisingly small amount of migration that was heavily sex-biased occurred (mostly
males and only one female), suggesting that demographic connection had been
severed across their entire range in southern Canada by the highway and associated
settlements.

It is now axiomatic that maintaining genetic variation is important, both to
maintain long-term evolutionary potential in a changing environment and to
minimize the short-term demographic effects of inbreeding depression (Frankham
2005; Mills 2007; Chapter 9). Noninvasive genetic samples can provide estimates
of genetic variation (e.g. heterozygosity and polymorphism) and effective popula-
tion size (Tallmon et al. 2008). More importantly, sampling over time, or in
fragmented vs. control sites, can document potential decreases in heterozygosity,
which can translate into decreases in survival or reproductive rates via inbreeding
depression. Inbreeding depression, in turn, can decrease population growth rate
and decrease population viability (Mills and Smouse 1994).

Noninvasive genetic sampling has also become important for assessing the
taxonomic status of individuals. For example, the primary threat to the persistence
of reintroduced, endangered red wolves (Canis rufus), is hybridization with
coyotes; a microsatellite nDNA test of wild-born pups (Adams and Waits 2007)
allows managers to detect and remove hybrids before they can interbreed with the
extant red wolves. Additional insights into hybridization can be revealed using
mtDNA, whose maternal inheritance indicates the direction of hybridization.
Because coyote mtDNA is found in gray wolves but not vice versa, hybridization
between coyotes and wolves occurs by way of male wolves mating with female
coyotes (Lehman et al. 1991).

Of course, the fact that genetic sampling can provide diagnostic identification of
both species and individuals has immediate and broad implications for forensics
and solving wildlife crimes involving carnivores. Millions and Swanson (2006)
hypothesized that bobcats in Michigan were being poached from the Lower
Peninsula (LP) but registered by hunters as harvested from the Upper Peninsula
(UP), where bag limits were higher. Microsatellites markers and assignment tests
documented that some bobcats claimed as harvested in the UP were genetically
assigned to the LP. In a more condemning example, Caniglia et al. (2009) extracted
DNA from wolf canine teeth on a necklace to show that the teeth belonged to six
individual Italian wolves (a legally protected species), including a male and a female
wolf recently found dead.

Genotyping individuals within a population allows researchers to calculate
relatedness and thereby to examine social and mating structure. Gotelli et al.
(2007) used fecal DNA analysis to determine paternity of cheetah (Acinonyx
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jubatus) cubs and found that adult females were surprisingly promiscuous. Not
only did 43% of litters have multiple fathers, females mated with unrelated males
within an estrus cycle and mated with different males in subsequent breeding
seasons.

4.2.3 Data collection, handling, and analyses with remote cameras

Type of cameras used, placement, and duration of camera-trapping studies depend
on the goals of the study (Figure 4.3), land cover, and budget. Deploying large
numbers of remote cameras is expensive. Study design, deployment, site selection,
equipment management, minimizing theft and wildlife damage, camera expense,
reliability, and sensitivity have been reviewed by Swann et al. (2004), Kays and
Slauson (2008), and Long and Zielinski (2008). Several websites compare camera
performance and prices. Regardless of study goals, one must plan for the substan-
tial data-management required in any camera-trapping study. Sifting through
photographs (either film or digital) and entering them into a useful database
often takes more time than deploying and monitoring cameras in the field.
While a study may target only one carnivore species, entering all data on all non-
target species, including humans, is important, as this information can become
useful for determining potential competitors, distribution of prey, linking trapping
rates (photos taken) of the target carnivores to trapping rates of prey, and human
use of the study site (Figure 4.5).

No standard for number of camera-trapping stations, spacing between cameras,
or duration of surveys exists for documenting carnivore presence or conducting
species’ inventories (Kelly 2008). Camera placement and spacing is flexible and
often includes targeting likely areas with more cameras, while not surveying
unlikely areas. Many studies use a minimum of ~1000 trap nights per study site,
but variable objectives and detectability of the target species affects trap nights
needed. The lower the detectability of target carnivores, the more trap nights are
needed. Increasing camera saturation can decrease the total number of trap nights
needed to detect target carnivores (Wegge et al. 2004).

Camera trapping was first used in conjunction with capture–recapture models to
estimate abundance and density for tigers (Karanth 1995; Karanth and Nichols
1998) and then modified for other boldly marked felids (e.g. Silver et al 2004;
Maffei et al. 2005; Di Bitetti et al. 2006; Dillon and Kelly 2007) and carnivores
with ear tags (Thompson 2007) or uniquely identifiable ear streamers (Bridges
et al. 2004a). The technique can even be used for subtly marked species, such as
pumas (Kelly et al. 2008) and red foxes (Sarmento et al. 2009), albeit with more
constraints and lower confidence. Alternatively, Rowcliffe et al. (2008) treated
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contact rates between cameras and animals using an “ideal gas” model to scale
trapping rate linearly with density.

Survey design for estimating abundance using remote cameras is an active area of
research (Chapter 5). Most studies use a fixed grid with a minimum of 20 stations
with 2 cameras per station, at a spacing that ensures that each individual has a
reasonable probability of capture. Capture histories are constructed for individual
animals photographed at each site and data analyzed with closed capture models.
Because camera grids are often different sizes and can change shape in longitudinal
studies, abundance must be converted to density to make comparisons.

(a) (b)

(c)(c)(c) (d)

Fig. 4.5 Photographs from remote cameras: (a) R. Felix Jean and A. Vonjy Arindrano
(WCS/Madagascar) conducting a camera check and demonstrating double documenta-
tion of date, camera number, and station number on placard and time embedded on
digital image. Information is also recorded on a data sheet and input into a computer
database. (b) Non-target species, such as tamanduas (Mountain Pine Ridge, Belize), are
often caught on remote cameras and can reveal interesting behaviors. Non-target species
(even humans) can prove valuable for biodiversity surveys and potentially can be linked
to presence or trapping rates of target species. (c) Bears are notorious for damaging
remote cameras, as in this photograph taken near Mountain Lake Biological Station,
Virginia. Every remote camera study should plan for sufficient cameras to replace those
that are stolen, vandalized, damaged, or malfunction. (d) Remote film camera captures
two jaguars in Hill Bank, Belize demonstrating differences in coat patterns that make
individual identification possible for mark–recapture studies.
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Unfortunately, estimating the effective trap area is a sticky problem. One can
calculate half the mean maximum distance moved (MMDM) between camera
locations among all individuals re-photographed at least once (Karanth and
Nichols 1998), and apply this as a buffer around the trapping grid. Wilson and
Anderson (1985) provide an entry to the extensive literature on calculating
densities by MMDM approaches. New analytical approaches that estimate density
directly through spatially explicit capture–recapture models avoid the potential
pitfalls of the ad hoc mean maximum distance-moved approaches (e.g. Efford
2004; Gardner et al. 2009). Comparative analyses suggest that MMDM models
can substantially overestimate density compared to spatially explicit capture–
recapture models (Obbard et al. 2010; Gerber et al. 2011).

For long-term, longitudinal camera-trap studies on naturally marked indivi-
duals, the Holy Grail is to estimate survival and recruitment. To date, few studies
have reached this goal. Karanth et al. (2006) used 9 years of data from remote
cameras on 74 individual tigers to estimate abundance, population growth rate,
survival, recruitment, temporary immigration, and transience using Pollock’s
“robust-design” (Pollock 1982; Pollock et al. 1990; Chapter 5).

The potential to use remote cameras for large-scale carnivore distribution studies
is tremendous. Indeed, many countries are required to monitor biodiversity under
directives such as the Convention on Biological Diversity (Mace and Baillie 2007).
Pettorelli et al. (2009) combined camera-trap surveys across 11 sites in Tanzania,
East Africa, with ecological niche factor analysis (ENFA; Chapter 10) to reveal
distributional and habitat use patterns for 23 carnivore species. ENFA techniques
(Hirzel et al. 2002) use presence-only data to determine habitat features that
promote species’ presence. An advancement from the ENFA approach is the
occupancy-based approach, which also reveals habitat-use patterns and predicts
carnivore occurrence across a landscape, by explicitly modeling detectability as a
function of species and environmental variables (MacKenzie 2005; Chapter 10).
Thorn et al. (2009) used baited camera-traps to estimate brown hyaena (Hyaena
brunnea) occupancy in South Africa and Linkie et al. (2007) combined remote
cameras and occupancy to gain information on sun bears (Helarctos malayanus).

Many studies have used remote cameras to assess finer scale habitat-use patterns,
including use of existing trails by carnivores (Dillon and Kelly 2007; Harmsen et al.
2010; Davis et al. 2011). Trail systems funnel carnivores past cameras, facilitating
photo-captures but potentially biased estimates of density. Alternatively, a
researcher can establish a trail system for camera trapping in trailess areas, as
carnivores are likely to begin using these paths (Maffei et al. 2004). Some carni-
vores, such as coyotes, however, may be wary of baited cameras on trails (Sequin
et al. 2003). Other studies have used geographical information systems to extract
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land-cover data from circular buffers surrounding camera traps (Kelly and Holub
2008; Davis et al. 2011).

While limited in scope, camera traps can give insight into carnivore behavior,
particularly for describing activity patterns for members of a single species (Bridges
et al. 2004b; Vanak and Gompper 2007) or of sympatric carnivores studied
simultaneously to gain insight into coexistence (Grassman et al. 2006a; Chen
et al. 2009; Di Bitetti et al. 2009; Harmsen et al. 2009; Lucherini et al. 2009).
Stevens and Serfass (2008) used remote cameras to examine group composition,
seasonality, and activity patterns of river otters at latrines. Hunter (2009) used
remote video cameras to record the responses of predators to taxidermy models of
striped skunks and gray foxes, and learned that carnivores use both coloration and
body shape to recognize and to avoid noxious species. Bolton et al. (2007) used a
digital infrared camera system to monitor predation events at the nests of ground-
nesting lapwings (Vanellus vanellus) and tree-nesting spotted flycatchers (Muscicapa
striata). Finally, remote cameras are used extensively to identify species and use
rates of highway crossing structures, such as under- and overpasses (Clevenger and
Waltho 2000).

4.2.4 Data collection, handling, and analyses for endocrine studies

Techniques that measure steroid metabolites excreted in urine or feces provide an
avenue for noninvasive research on the physiology of free-ranging carnivores. Urine
is often impractical to procure from wild, free-ranging carnivores but could be
feasible for endangered species in ex situ conservation programs. Steroids in urine
are a reliable indicator of ovulation in carnivores (Dehnhard et al. 2006; Durrant
et al. 2006).

Metabolic studies in captive carnivores show that adrenal and gonadal steroid
metabolites are excreted at measureable concentrations predominantly in feces
(Brown and Wildt 1997; Young et al. 2004). Scats should be handled with gloves
and stored individually in resealable plastic bags or polypropylene tubes. The scats
should be homogenized prior to lab analysis to ensure representative hormonal
concentrations in the sample, since hormones and metabolites may be unevenly
distributed. Moreover, after defecation, microflora present in a scat can produce
enzymes that further metabolize steroids, altering concentrations. Freezing is
recommended to arrest microbial and enzymatic activity, even if the samples
have been dried or hormones extracted, unless metabolite stability is confirmed
beforehand (Möstl and Palme 2002; Lynch et al. 2003; Millspaugh and Washburn
2004). Freeze/thaw events should be avoided. Degradation of steroid hormones in
feces can be caused by ultraviolet light, humidity, and temperature. Additionally,
degradation rates are influenced by time, diet, and species-specific intrinsic
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intestinal flora (Touma and Palme 2005; Schwartz and Monfort 2008). These
factors may cause fecal glucocorticoid metabolites (FGMs) to increase through
time (Washburn and Millspaugh 2002) or decrease (Pelican et al. 2007). To
address the possible effects of environmental exposure on scats over time, a pilot
degradation study under expected environmental conditions is essential prior to
field collection, especially because usually there is no reliable way to age scats in the
field. For example, a recent study on captive jaguars found that FGMs remained
relatively constant for 4 days after defecation giving researchers a 4-day cyclical
rotation for collecting scat samples in the field (Mesa, Kelly, Brown, unpublished
data).

Because metabolism of steroid hormones differs for each species, laboratory
procedures should be validated for the target species prior to a field study. Both
type and concentration of metabolites will be unique for each species and type
of biological sample. Validation involves three components. First, endocrine
physiology can be evaluated either by stimulating endocrine organs (e.g. adeno-
corticotropic hormone, ACTH challenge) or by monitoring physiological events
(e.g. acclimatization, recovering from surgery, estral cycles, etc). Subsequently, a
metabolite analysis using high-performance liquid chromatography (HPLC) or
mass spectrometry facilitates the selection of candidate immunoassays for valida-
tion and provides information about metabolism and gut transit time. The use of
captive individuals under controlled settings is strongly recommended. Second,
hormonal extraction procedures are required to solubilize steroid hormones present
in feces, usually through agitation or heating extraction. Hand agitation is practical
for field conditions. Heating extraction (“boiling”) is the best method of extraction
and is often used to corroborate agitation methods. Third, immunoassay selection
is based on both affinity of the antibody to the desirable metabolite (obtained
from HPLC analysis) and cross-reactivity of the antibody with other hormonal
metabolites (Millspaugh and Washburn 2004; Young et al. 2004; Palme 2005;
Touma and Palme 2005; Keay 2006).

A stress response can be classified as either acute or chronic, depending on
the length of exposure, intensity of the stressor (i.e. threat), and the ability of the
individual to find a physiological balance (i.e. acclimatization or acclimation).
The acute stress response is highly conserved phylogenetically across vertebrate
taxa (Romero 2004); thus the mechanism is considered adaptive (Boonstra 2005;
Nelson 2005). In fact, acute stress allows an organism to modulate its metabolism,
redirecting resources from innate processes, like digestion, growth, immune func-
tion, and reproduction, to counter an immediate threat (Nelson 2005). When a
stress response is sustained over extended periods of time, the organism is thought
to be experiencing chronic stress, also known as distress.
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Moberg (1985) noted that the neuroendocrine response to stress has the greatest
potential to indicate the impact of stress on an animal’s overall well-being. Wildlife
endocrinology has demonstrated correlations between physiological responses of
individuals to anthropogenic disturbances in ecosystems although connections to
fitness or population dynamics are limited. For example, Barja et al. (2007) showed
a direct correlation between unregulated tourism and the level of FGMs in Euro-
pean pine martens. FGMs in elk (Cervus canadensis) and wolves correlate with the
intensity of winter snowmobile activity in Yellowstone National Park (Creel et al.
2002), though this response had little to no negative effect on the population
dynamics of wolves. In a more complex example, dominant female meerkats
(Suricata suricata) during pregnancy employ stressful evictions to suppress repro-
duction among subordinates (Young et al. 2006, 2008). Subordinates have higher
concentrations of FGMs and reproductive down-regulation via decreased concep-
tion rates and increased abortions. Dominant females benefit by diminishing
competition for limited care among their own and subordinate litters, and through
lowering the chances of infanticide by the subordinate females (Young et al. 2006).

Reproductive status in wild captive animals has been monitored for decades
through noninvasive endocrine sampling (Schwarzenberger 2007). Sex determina-
tion also can be achieved using fecal gonadal steroids (Barja et al. 2008).

Noninvasive endocrine monitoring has management implications for carnivore
translocations, reintroductions, and rehabilitation. While no studies currently exist
for carnivores, noninvasive fecal endocrine monitoring during translocation and
after release can document time required to return to pre-translocation FGMs
(Franceschini et al. 2008).

4.3 Combining noninvasive and traditional approaches

4.3.1 Comparative approaches among noninvasive techniques

Comparative studies have helped to increase efficiency and to identify which
noninvasive techniques work best for a particular species. Long et al. (2008a: tables
12.1 and 12.2) provided a list of survey methods and their attributes for North
American carnivores.

Several comparative studies designed specifically to assess noninvasive techni-
ques for carnivores are instructive. Harrison (2006) found that a scat dog produced
10 times the number of bobcat detections as did remote cameras, hair-snares, and
scent-stations, but the dog was the most expensive and time-intensive technique.
This study did not, however, compare methods for determining the number of
individual bobcats identified, which could be achieved through remote camera
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identification and DNA analysis of feces and hair. Long et al. (2007) used a scat-
detector dog, hair snares, and remote cameras to survey carnivores in the northeast
USA. All three techniques detected black bears but hair snares did not detect fishers
or bobcats. They also found the scat-detector dog technique to be the most
expensive but it yielded the highest detection rate, rendering it the most cost-
effective in the long run. Gompper et al. (2006) compared track plates, remote
cameras, snowtracking, and scat surveys and found that no one particular tech-
nique was best for all species within their carnivore guild. Track plates detected
more small carnivores, such as martens and weasels (Mustela spp.), and were
equivalent to camera traps for midsized carnivores, such as raccoons, fishers,
opossums, and domestic cats. Cameras were efficient for bears, while scat surveys
and snowtracking were the best methods for coyotes.

Using remote cameras, sign (scat, scrapes, tracks, scent marks) and molecular
scatology McCarthy et al. (2008) found that low capture and recapture rates of
snow leopards (Uncia uncia) with remote cameras caused capture–recapture esti-
mates of abundance to be unreliable. Molecular scatology held promise, however,
and sign surveys could be most efficient once corrected for observer bias and
environmental variance. Tiger (Panthera tigris) abundance estimated from genetic
capture–recapture models closely matched that from camera traps (Mondol et al.
2009).

In short, the choice of noninvasive techniques must be tailored to the target
species and study objectives.

4.3.2 Combining traditional with noninvasive approaches

Traditional and noninvasive methods have been compared occasionally using
carnivores. Using scat surveys, scent-stations, baited camera-trapping, and live
trapping in baited box traps to estimate carnivore species’ richness in the Mediter-
ranean, Barea-Azcon et al. (2007) found that scent-stations and scat surveys were
most efficient logistically and economically over a large spatial scale. They detected
genets, however, only with scent-stations and baited cameras and box traps were
best for wildcats.

Several studies have simultaneously used radio-telemetry and camera trapping to
estimate carnivore densities. Two showed that camera trapping can grossly overes-
timate carnivore densities (Soisalo and Cavalcanti 2006; Dillon and Kelly 2008),
while another found high congruence of the two methods (Maffei and Noss 2008).
Balme et al. (2009a) used track counts and remote cameras to estimate the size of a
known population of radio-collared leopards (Panthera pardus) in South Africa.
The most accurate estimate of the known population came from camera trapping
data, when it was supplemented by movement data from radio-telemetry.
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Traditional camera-trapping methodology, however, did not result in gross over-
estimates, and track counts provided some reliable results.

4.3.3 Data quality and integrity in noninvasive surveys

Noninvasive techniques open doors to sampling carnivores in ways never imagined
30 years ago. The ease of sampling provides an opportunity for involving masses of
untrained volunteers, with the potential for creating an unprecedented volume of
carnivore data from the field. This strength of noninvasive sampling is also a
weakness, as it creates novel problems in maintaining data quality and integrity.
Fundamentally, this means that extra steps must be taken in the field to ensure
high data quality. For example, training of volunteers and availability of detailed
protocols, are essential in any large-scale noninvasive survey.

For camera surveys, an additional necessary step includes double, or triple docu-
mentation of camera station locations, dates, and researchers present (Figure 4.5a).
Trigger each remote camera in a survey during camera setup, and also during each
camera checking, with a placard that reads the station location and date (at mini-
mum), even if this information is already embedded in memory card (Figure 4.5).

Similarly, noninvasive genetic studies require extra checks on data quality, but
can still suffer if field collectors fail to follow protocols. The National Lynx Survey,
a 3-year noninvasive study to determine lynx distribution across 16 states, provides
an instructive example (Mills 2002, 2007). Several hundred personnel initiated the
placement and checking of more than 21 000 hair rub pads, following detailed
protocols provided by the principal investigators. The study was a success in the
ambitious scope of sampling across the species’ range in the USA, in that 80% of
hair samples collected could be identified to species. Nevertheless, a few personnel
threatened the integrity of the entire study by mislabeling samples (Thomas and
Pletscher 2002). Fortunately, the study had in place essential checks at both the
field and lab level, including the critical design feature that hair collection was only
the first step in evaluating lynx presence; follow-up snowtracking and trapping
efforts were built into the study to separate actual lynx populations from fur-farm
escapees, transient individuals, or mislabeled samples.

Noninvasive approaches draw from cutting-edge advances in molecular genetics,
biostatistics, population biology, endocrinology, and epidemiology. Carnivore
ecologists must learn more scientific disciplines, in greater depth, than ever before
for appropriate application of noninvasive sampling. Though daunting in com-
plexity, the promise of greater understanding of carnivores via noninvasive sam-
pling should be seen as a rallying call across disciplines. Never has there been a
more challenging, but also exciting and productive time to study carnivores.
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5
Humane and efficient capture and handling

methods for carnivores

Gilbert Proulx, Marc R. L. Cattet, and Roger A. Powell

To be effective, conservation and management programs for carnivores require
a good understanding of the animals’ biology, ecology, behavior, and habitat
requirements. To gather scientific information essential to the development of
such programs, it is often necessary to capture, handle, and mark animals, a
controversial and complex activity (Proulx and Barrett 1989) requiring special
skills to minimize negative effects on individuals and populations, and to maximize
scientific gains. For this, researchers should use methods that are consistent with
codes of ethics and guidelines published by professional societies and countries
(Table 5.1). They should continuously improve capture procedures and equip-
ment to work more effectively and more safely for both animals and people (Powell
and Proulx 2003). Research design should minimize both potential short-term and
long-term effects of capture (Seddon et al. 1999, Cattet et al. 2008a), and deal with
non-random sampling that may affect population structures (Banci and Proulx
1999).

Here, we discuss trap types, sets, and efficiency, and describe humaneness
criteria that we use in the selection of specific carnivore traps. We review use of
drugs as a primary method of capture through chemical immobilization, but also as
a means to support mechanical capture methods by reducing stress and pain. Our
approach results in some redundancy but minimizes confusion because different
techniques can be used for the same group of carnivores, similar traps and
anesthetics may be used for different mammals, and methods that meet perfor-
mance criteria for one species may not for others. Lastly, we summarize complica-
tions that can occur with capture and handling, methods of humane killing, and
techniques for restraining and marking carnivores.
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5.1 Mechanical capture methods

5.1.1 Traps and sets

Restraining traps allow captured animals to be released and include cage traps,
foothold traps, foot, neck and body snares, and nets (Appendix 5.1). Killing traps
include neck snares, and snap, planar, rotating-jaw, and killing box traps, and
submarine traps (Appendix 5.1).

Diverse sets exist to capture carnivores (Appendix 5.2). Trap design, prepara-
tion, and sets affect trapping efficiency (target captures/trap-night; Boggess et al.
1990), and selectivity (number of non-target species). The tripping force of the
trigger must match the size of target animals. For example, by setting pan tension
on foothold traps at 1.4–1.8 kg, kit foxes (Vulpes macrotis) may be excluded from
traps set for coyotes (Canis latrans, Phillips and Gruver 1996). A trap with a light
tripping force may capture carnivores of all sizes and not be efficient due to low
selectivity. To increase trapping efficiency, parts of a trap may be modified to
control access to the triggering system. For example, a bionic trap with a 6-cm high
bait cone aperture will capture small carnivores, such as minks (Neovison vison,
Proulx and Barrett 1991a), but will restrict access by larger carnivores, such as
fishers (Martes pennanti, Proulx and Barrett 1993a). The shape and size of triggers
can discourage some carnivores from entering a trap. For example, the efficiency of
C120Magnum rotating-jaw traps to capture American martens (Martes americana)
is higher with one-way four prong triggers, where the central prongs are shorter
than the outside ones (Barrett et al. 1989), than with pitchfork triggers with four
long prongs of equal length (e.g. Naylor and Novak 1994) that interfere with
martens’ movements (Pawlina and Proulx 1999).

The position of traps in sets also may affect capture efficiency. For example,
lynxes (Lynx canadensis) can be properly killed by a blow to the neck by placing
rotating-jaw traps at least 23 cm above ground and centered in line with bait at the
back of a cubby (Proulx et al. 1995). With traps set too low, lynxes try unsuccess-
fully to go over the trap or lose interest in the bait. With a trap set higher but not
centered in line with the bait, a lynx may reach for the bait with a front paw,
inadvertently firing the trap on its limb.

A trap must be sited carefully to capture carnivores efficiently without causing
undue injury. An animal caught in an EGG trap set in a hole dug into a stream
bank can injure itself by wrapping the trap anchor cable around something solid
and pulling on the captured foot (Hubert et al. 1996). Injuries can also occur when
foot-snared canids, felids, and ursids become entangled in surrounding vegetation
(Mowat et al. 1994; Powell 2005).
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Baited sets use food or scent to draw target animals to a trap, while trail (i.e.
blind) sets are placed where target animals are expected to travel on their own
(Powell and Proulx 2003). While baited traps may have higher capture rates for
carnivores, they also attract non-target animals.

5.1.2 Trapping efficiency

Trap models and sets, baits and lures, trappers’ experience, weather, and biological
variables affect trap efficiency (Pawlina and Proulx 1999). Weakened springs
(Gruver et al. 1996), distorted components (Warburton 1982), and poorly made
traps (Linhart et al. 1986) affect trap performance. Traps of different generations or
manufacturers may have different components. For example, even though the
Novak and the Fremont foot snares are similar in design, the latter is markedly
more efficient in capturing coyotes (Skinner and Todd 1990). Red foxes (Vulpes
vulpes) may smell rusty or oily traps, discover traps that move when a fox steps on
jaws or springs, and shy from a set that does not provide a clear view (Krause 1989).

Whether baits and lures increase capture efficiency is either unknown or variable
for many conditions. Baits compete with odors of natural foods to attract carni-
vores (Linhart and Knowlton 1975; Humphrey and Zinn 1982). Scent lures may
mimic pheromones (Carde and Elkinton 1984) or stimulate curiosity. Their
effectiveness is affected by weather, as well as the physiological condition of target
carnivores and the animal that is the source of the scent (Pawlina and Proulx 1999).

Trapping efficiency changes with a trapper’s experience. Trappers may require
a 1-year acclimatization period before becoming proficient with new trapping
devices (Skinner and Todd 1990; Pawlina and Proulx 1999).

Weather may interfere with, or enhance, trap operation and affect the behavior
of the target species. For example, frozen soil may affect rubber-padded foothold
traps set for coyotes more than unpadded ones (Linhart et al. 1986) and wind
direction affects food detection by dingos (Canis familiaris dingo, Joly and Joly
1992).

Finally, biological variables affect capture efficiency. If traps are located diffusely
over large areas, they may be absent from small home-ranges (Gehrt and Fritzell
1996). If males and females have home ranges of different size, trap density will
affect the sex ratio of captured animals (King and Powell 2007), and when
changing resources lead to changes in the sizes of home ranges, capture efficiency
changes (Smith et al. 1994). Also, animals of different sex often behave differently
towards traps and sets (Gehrt and Fritzell 1996). Some animals become trap-shy
after initial capture, while others become trap-happy (Pawlina and Proulx 1999).
Resident or dominant individuals may intimidate intruders or subordinates
with their scent marks, affecting capture rate (Pawlina and Proulx 1999). Finally,
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life-history condition may affect capture. For example, adult coyotes may be
captured more often when rearing pups (Sacks et al. 1999).

5.1.3 Humaneness

Killing and restraining traps used to capture carnivores should be humane and
either cause unconsciousness as quickly as possible or hold animals with minimal
injury and stress.

For state-of-the-art killing traps, we adopt the following criterion, established by
Proulx and Barrett (1994):

Criterion I: at a 95% confidence level, humane killing traps should render � 70% of
target animals irreversibly unconscious in � 3 minutes.

Powell and Proulx (2003) showed that, despite solid technical advances in trap
research and development that meet Proulx and Barrett’s (1994) criterion, recently
developed standards (CGSB 1996, European Community et al. 1997) had not
completely incorporated those technical advances. Also, instead of adhering to
humane trapping standards, the United States developed its own best-management
practices on the basis of technical, economical, and social criteria (International
Association of Fish and Wildlife Agencies 1997). Nevertheless, Proulx and
Barrett’s (1994) criterion for killing traps still is the best-defined, objective, and
published criterion consistent with state-of-the-art technological development.

For restraining traps, Tullar (1984), Olsen et al. (1986), Hubert et al. (1996),
and others (summarized by Proulx 1999a) developed injury-scoring systems, most
of which correspond with pathological changes in captured animals. Over the
years, the number of injury classes has increased and, while early scores were based
solely on the injuries of captured limbs, more recent injury-scoring systems also
include whole-body trap-related trauma (Proulx et al. 1993a; Hubert et al. 1996).
In all systems, injuries that have the potential to decrease the survival of released
animals were identified and a 50-point threshold was used to separate humane
restraining devices from unacceptable ones (Proulx 1999a). Although captured
animals experience behavioral and physiological changes (Kreeger et al. 1990b;
Proulx et al. 1993a; Seddon et al. 1999; Cattet et al. 2003, 2008a), to date no
objective scoring system for restraining traps integrate these changes with physical
injuries (Proulx 1999a), at least in part because interpreting such responses is not
straightforward (Dawkins 1998). On the basis of Proulx et al.’s (1993a) live-
trapping tests with raccoons (Procyon lotor) in enclosures, and Powell and Proulx’s
(2003) humane criterion, which does not specify a maximum time of restraint, we
adopt the following standard for restraining traps:
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Criterion II: at a 95% confidence level, humane restraining traps should hold� 70% of
animals for � 24 hours with � 50 points scored for physical injury.

We recommend that this standard be used for the live capture of carnivores,
because it will exceed recent national and international standards, which are not
as rigorous and fail to integrate state-of-the-art technological advancements.

All killing and restraining traps should be monitored within a 24-hour period to
minimize pain and discomfort. Reducing the time that animals spend in foothold
traps greatly reduces injuries (Proulx et al. 1994). Unless traps can be visited easily,
in person, and multiple times daily, they should be equipped with a monitor
(Nolan et al. 1984; Marks 1996; Larkin et al. 2003; Ó Néill et al. 2007) that allows
false positives but not false negatives, and that notifies a researcher when battery
power is low or when a trap has misfired (Powell and Proulx 2003). Remotely
monitored traps must, nonetheless, be visited regularly for maintenance; animals
avoiding capture may disturb a trap site and render the set ineffective. The mere
fact that animals are dead when kill-traps are checked is not evidence that traps are
humane, especially if traps are checked only once every 24 hours (Proulx and
Barrett 1989). Without knowing a priori whether traps generate enough energy to
kill target animals, whether traps consistently strike animals in appropriate loca-
tions for a quick kill, and how long trapped animals remain alive, assuming that
traps are humane, can lead to undue suffering.

5.1.4 Traps and sets for specific carnivores

Both restraining and killing traps can contribute significantly to research on
evolution, ecology, animal behavior, physiology, parasitology, genetics, and other
disciplines. The choice of restraining vs. killing traps depends, at the least, on
research hypotheses and goals, research design, and study site (Powell and Proulx
2003). Because restraining traps allow the release of trapped animals, they should
be used when species-at-risk and pets may be captured. When non-target captures
are unlikely, using a restraining trap to capture a target carnivore, only to kill it later
(to collect a sample, for example), may be less humane than using a quick-killing
trap (Powell and Proulx 2003). Keeping animals alive may be required, however, to
avoid freezing or decomposition of tissues to be sampled (Kreeger et al. 1990b).

Common sense dictates choosing traps that maximize both selectivity and
efficiency (Pawlina and Proulx 1999). Selective, efficient traps minimize the capture
of non-target species or individuals, thereby increasing the rate of data collection
and reducing the overall impact of the research on the ecological community in
the study area. Thus, within the constraints of research design, choose traps
based on selectivity, efficiency, and state-of-the-art trapping technology based on
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humaneness. Both efficiency and humaneness must be properly evaluated through
sound, scientific protocols (Proulx 1999a), preferably peer-reviewed and published.
We evaluate traps here on the basis of published data about capture efficiency and
humaneness.

Proulx and Barrett (1991b) described a sequence of biological tests to develop
and to evaluate killing traps (Figure 5.1). These tests were carried out in simulated
environments (along with mechanical evaluations of trap properties), and they led
to the development of most of the state-of-the-art killing traps identified here.
Proulx et al. (1993a) developed a protocol to assess restraining traps (Figure 5.1),
where animals are left in the trap for� 24 hours, unless there is evidence of serious
trauma. Enclosure tests must be followed by field tests to assess humaneness and
capture efficiency fully (Pawlina and Proulx 1999).

The performance of a trap in the field depends on how the trap is set and
monitored.

When using killing or restraining traps that are efficient and humane, follow
these rules:

In enclosure, assess the potential of traps
(wired in a set position not to cause injury) to
strike properly ≥ 5/6 animals in a vital region

(Proulx et al. 1989a, Proulx and Barret 1991b).

Assess the potential of traps to render ≥ 5/6 animals immobilized with
ketamine HCl irreversibly unconscious in ≤ 3 min.  Traps that fail the pre-
selection tests are not allowed to go further.  The muscles of anaesthetized

animals are more relaxed than those of non-anaesthetizeed animals and
offer less resistence to the striking bars than conscious animals that are

fighting the trap (Proulx et al. 1989a, Proulx and Drescher 1994).

Assess the potential of traps to render 9/9 non-euthanized animals irreversibly unconcious in ≤ 3 min.  On
the basis of the normal approximation to binomial distribution, at a 95% confidence level, traps would

render ≥ 70% of target animals irreversibly unconscious in ≤ 3 min.

In enclosure, trapped animals are kept captive
for ≤ 24hrs, euthanized, and necropsied.

Assessment based on a cumulative scoring
system to assign points to captured limb and

body (Proulx et al. 1993a).

Test traps either alone (comparing
capture efficiency to data reported
for other traps) or in a comparison
with commonly used traps (Pawlina

and Proulx 1999).

ASSESSMENT OF KILLING TRAPS

APPROACH TESTS

PRE-SELECTION TESTS

KILL TESTS

3
4

2

2

1 1

FIELD TESTS

ASSESSMENT IN ENCLOURES

ASSESSMENT OF RESTRAINING TRAPS

Fig. 5.1 Sequential series of biological tests used to assess the humaneness of killing and
restraining traps (after Proulx and Barrett 1991b; Proulx et al. 1993a).
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1. Do not modify trap size, shape, components, materials, or power, which are
essential to achieve a humane kill.

2. Do not modify trigger shape or operation, which affect both humaneness
and capture efficiency.

3. Replicate sets that have been used in the assessment of humane traps.
4. Visit traps <24 hours (but preferably <12 hours) after setting them (a) to

kill animals that may be seriously injured but are still alive in a killing trap or
(b) to release animals captured in restraining traps. No matter how humane a
restraining trap is, if it is not visited at short intervals, animals will be injured.

Responsible professionals must strive continuously to improve traps to work more
efficiently, more selectively, more humanely, and more safely for both animals and
people. Changing the properties of traps, however, may affect the humaneness and
capture efficiency of models that meet our criteria. Therefore, modified traps
should be re-evaluated.

Finally, safety to the researcher should be kept in mind when developing and
assessing traps. In most cases, a locking device can be installed to stop springs from
firing or trap jaws from closing. If a trap cannot be safely handled without some
safety device, it should not be used.

For this chapter, we reviewed traps on a species-specific basis to describe how
and when they have been used, and to determine their advantages and limitations
(Appendix 5.3). Wherever possible, we provide examples for all carnivore families,
but information about humaneness and capture efficiency for trapping devices is
often lacking. On the other hand, by matching size and behaviors of carnivores,
one can often predict which trapping device is most likely to be effective for the
capture of a species for which little information exists. In general, humane and
capture-efficient killing traps and cage traps are available for small- and medium-
sized (<5 kg) carnivores. Large carnivores must be captured in rubber-padded
foothold traps or cage/box/log traps. Raccoons should be captured in EGG or cage
traps. For the majority of canids, foothold traps, foot snares or neck snares are the
only devices that are efficient and humane. Small felids (cat, bobcat, lynx, and
others) may be captured in cage traps. Foothold traps and foot snares can be
effective and humane for all felids and ursids.

Injury caused by cage traps has not been adequately evaluated (Proulx 1999a).
In general, cage traps meet Criterion II for the capture of all carnivore species, as
they appear to cause less trauma than other restraining techniques (White et al.
1991). Their capture efficiency varies among species, and is often lower than other
restraining traps with canids (e.g. Muñoz-Igualada et al. 2002; Shivik et al. 2005).
Regardless of the species being trapped, special precautions must be taken to ensure
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the well-being of captured animals. Carnivores may break teeth and cut their
mouths while biting wire-mesh walls (Rust 1968; Belant 1992). Cages with
small mesh holes or with solid walls usually are superior to mesh with large holes
that allow animals to catch their muzzles. Cage traps without insulated nest boxes
and bedding should not be used when temperatures drop below –20

�
C, or if

researchers cannot check traps daily. Warm, dry bedding (e.g. raw wool with
natural lanolin) in live-traps can reduce mortalities (Powell and Proulx 2003).
Traps should be concealed and covered with vegetation to protect carnivores from
direct sunlight, rain, and large predators.

5.2 Use of drugs for capture and restraint of carnivores

Drugs are powerful tools used for capture and restraint of carnivores, and to relieve
pain and stress.

5.2.1 Drug access, storage, and handling

Regulations for drugs vary considerably from one country (and states within
countries) to the next. Information can usually be obtained by consulting with a
local veterinarian working with wildlife or zoo animals.

Although some studies have shown that potency and safety persists well past
expiration dates for some drugs (Kreeger et al. 1990a; Kreeger and Arnemo 2007),
we strongly recommend using non-expired drugs for capture of free-ranging
carnivores, to minimize unpredictable variations in drug response and to be fully
compliant with regulations. Drug manufacturers provide instructions for appro-
priate storage of their products with attention to factors such as temperature,
humidity, and light exposure.

Storing drugs in a secure and safe place is important to prevent theft for illicit use
(Woodward 2005), and to enable accurate inventory in order to know when to
order fresh stocks and to dispose of old ones. A running inventory record should
have standard information for purchases and use (Cattet et al. 2005). Capture
records that document drug use and animal response on a case-by-case basis should
be maintained to evaluate the effectiveness and safety of drug protocols.

The handling of drugs for use with carnivores requires training and experience.
Pay particular attention to human safety to prevent personnel from being exposed
inadvertently to veterinary drugs through contact with skin or mucous membranes
(eyes and mouth; Kreeger and Arnemo 2007). Persons involved in the capture of
carnivores should complete a creditable course in wildlife chemical immobilization,
and have current training in basic first aid and cardiopulmonary resuscitation, prior
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to working with drugs. Personnel who use drugs and associated equipment for the
capture of carnivores must have a clearly written emergency action plan in case of
human exposure to drugs or capture-related injuries to personnel (Nielsen 1999;
Cattet et al. 2005). Most physicians are unfamiliar with drugs used in wildlife
capture, so communication beforehand will save valuable time in an emergency.

5.2.2 Selection of drugs for use in carnivores

More than one drug may be effective in a given species and availability of drugs
changes over time as new products are released and old products are discontinued.
In addition, use of drugs in wild animals is often “extra-label” or “off-label” (i.e. use
of a specific drug does not follow conditions specified on the label, including
specified species, dose, and method of administration). Conditions for extra-label
use may be obtained from a wildlife or zoo veterinarian or found in peer-reviewed
scientific literature. Regardless of source, the efficacy and safety of a drug based on
empirical evidence in a target species should be the primary consideration in
selecting a drug protocol. Many published reports describe the effectiveness of a
specific drug for capture of a given species, but fewer reports evaluate safety based
on the physiological responses of a species to a drug (e.g. vital rates, blood gases,
adverse effects). Safety should not be ignored.

Drug effectiveness and safety must be considered when selecting an injectable
drug for chemical immobilization (Table 5.2). Because no single drug meets
all considerations, different drugs are often combined to attain many desired
characteristics, while at the same time eliminating undesired effects (Grimm and
Lamont 2007; Kreeger and Arnemo 2007). Many of these combinations include
anesthetic drugs (e.g. ketamine, tiletamine), which cause loss of consciousness,
with sedatives or tranquilizers (e.g. xylazine, medetomidine, zolazepam, acepro-
mazine), which improve anesthesia in various ways including increased muscle
relaxation and pain control. Some immobilizing drugs are used in conjunction
with an antagonist drug that is administered to counteract the effects of anesthesia
at the conclusion of handling or if complications arise during immobilization.
Immobilizing drugs with antagonists are generally preferred because removing
effects of anesthesia (1) permits mitigation of anesthesia-related physiological
complications, (2) reduces likelihood of injury or death during recovery, and
(3) decreases time spent by personnel monitoring recovery (Kreeger and Arnemo
2007).

Adjunctive drugs are used to support immobilization and are generally adminis-
tered following capture and immobilization. These drugs include the dissociative
anesthetic ketamine, which is often administered as a “top-up” to maintain
immobilization, even when it is not a component of the immobilizing drug. The
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Table 5.2 Characteristics of ideal drugs for anaesthesia and euthanasia.

Anaesthesia

Advantages for the animals Advantages for the users

Mixes safely with other drugs (i.e. no loss of
potency or formation of by-products), and
does not react with dart material.

Has low toxicity in humans should accidental
exposure occur.

Is safe for pregnant and lactating animals, and
nonirritating following intramuscular or
intravenous injection.

Rapidly degrades in vivo to inactive, non-toxic
metabolites (i.e. no harmful effects to humans
consuming meat from drugged animals).

Is effective in small volumes (i.e. high potency),
and has a wide margin of safety between
effective and toxic doses (i.e. accidental
overdosage is unlikely to have harmful effects).

Has low potential for human abuse as a
recreational drug.

Causes rapid immobilization and loss of
consciousness with minimal fear or memory of
capture.

Is readily available on the market (i.e.
commercial supplier exists, and access is not
limited by regulation).

Causes minimal depression of cardiovascular
and respiratory function, and produces muscle
relaxation.

Is reasonably priced.

Causes minimal inhibition of swallowing reflex.

Is highly water soluble and stable in solution.

Causes good control of pain (analgesia) at
immobilizing dosages.

Has a long shelf life.

Is reversible by administering an antagonist
drug.

Causes behavioral effects during induction,
immobilization, and recovery that are
predictable and safe.

Rapidly degrades in vivo to inactive, non-toxic
metabolites (i.e. no harmful effects to drugged
animals, predators or scavengers).

Euthanasia

Causes rapid loss of consciousness and death
without causing pain, distress, or anxiety.

Reliability.

Has low toxicity in humans should accidental
exposure occur.Effects cannot be reversed.

Widely compatible with different species, age,
health status, and numbers of animals.

Safe to use in different environments, e.g.
urban setting vs. remote field location.

Safe for predators or scavengers that consume
the drugged carcass.

Compatibility with subsequent evaluation,
examination, or use of tissue.

Is readily available on the market.
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advantage of ketamine for this purpose is that it is metabolized quickly and is less
likely to prolong recovery, than will administering more of the initial immobilizing
drugs (Cattet et al. 2005). Although generally not regarded as a drug, medical-
grade oxygen is also a valuable adjunctive “drug” that can be used to prevent and
treat several common complications (e.g. hypoxia, hyperthermia) associated with
capture and anesthesia (Read et al. 2001; Arnemo and Caulkett 2007). Oxygen can
be administered intranasally in the field without much difficulty and with minimal
training using a lightweight aluminum cylinder (D- or E-type), a pressure regula-
tor, and silastic tubing.

Drugs to relieve pain and stress should be considered for use with carnivores
captured either with or without chemical immobilization (CCAC 2003). Aside
from obvious concern for the welfare of captured animals, pain and stress can affect
their behavior in ways that affect research results (Powell and Proulx 2003; Cattet
et al. 2008a). Many drugs are available to provide pain relief (analgesia) and to
reduce stress for wildlife. These include local anesthetic drugs, opioids, and non-
steroidal anti-inflammatory drugs for pain relief (Machin 2007), and sedatives or
tranquilizers for reducing stress (Arnemo and Caulkett 2007). Long-acting tran-
quilizers can be valuable for reducing stress in wildlife that must be translocated or
maintained in captivity (Read 2002; Flick et al. 2007).

Table 5.3 lists some of the commonly used immobilizing drugs for different
carnivore families. Detailed information on specific protocols, including dosages,
can be found in extensive reference lists compiled by Kreeger and Arnemo (2007),
and West et al. (2007).

5.2.3 Methods to administer drugs

Drugs can be delivered to wild carnivores via a variety of methods and equipment
(Appendix 5.4) and no one method is suitable for all animals at all times. The
choice of delivery method should be based on the behavior of the target species, the
circumstances for drug administration, and the user’s experience. The goal is to
administer drugs in a safe (for personnel and animal alike) and effective manner
(Cattet et al. 2005). Researchers seeking detailed information on use of equipment
and on equipment manufacturers should review books by Nielsen (1999), Kreeger
and Arnemo (2007), West et al. (2007), and Fowler (2008).

5.2.4 The value of knowledge and experience

Beyond knowledge of drugs and methods of administration, capture personnel
must have knowledge of, and experience with, the target species to ensure that
captures are effective, consistent, and safe (Nielsen 1999; Fowler 2008). For
chemical immobilization, one must be able to visualize where thick, superficial
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Table 5.3 Immobilizing drugs for use with carnivores. “H” denotes relative use of drug is

high compared to other drugs used for animals in the Family indicated; “M” use is

moderate; “L” use is low.

Family
Immobilizing drugs with antagonists1, 2

(Drug/antagonist)
Immobilizing drugs lacking
antagonists1, 3

Ailuridae (2)4 (giant
panda, lesser panda)

H: Ketamine-xylazine/yohimbine H: Tiletamine-zolazepam
M: Ketamine-medetomidine/
atipamezole

Canidae (28) (dogs,
foxes, jackals, wolves)

M: Ketamine-xylazine/yohimbine H: Tiletamine-zolazepam
M: Ketamine-medetomidine/ H: ketamine-acepromazine
atipamezole L: Ketamine-promazine
L: Butorphanol-medetomidine/
naltrexone and atipamezole

L: ketamine-midazolam

L: etorphine-promazine/
diprenorphine
L: fentanyl-xylazine/naltrexone and
yohimbine

Eupleridae (2)
(Malagasy civet,
Malagasy ring-tailed
mongoose)

H: Tiletamine-zolazepam

Felidae (27) (cats,
lions, leopards)

H: Ketamine-xylazine/yohimbine H: Tiletamine-zolazepam
M: Ketamine-medetomidine/ L: Ketamine
atipamezole L: ketamine-acepromazine
L: Ketamine-medetomidine-
butorphanol/atipamezole and
naloxone
L: tiletamine-zolazepam-
medetomidine/atipamezole
L: tiletamine-zolazepam-xylazine/
yohimbine or atipamezole

Herpestidae (3)
(mongooses)

L: Ketamine-xylazine/yohimbine H: Tiletamine-zolazepam
M: Ketamine
L: Ketamine-acepromazine

Hyaenidae (4)
(aardwolf, hyenas)

M: Ketamine-xylazine/yohimbine H: Tiletamine-zolazepam
L: Etorphine-xylazine/diprenorphine
and yohimbine

L: Ketamine-acepromazine

Mephitidae (4)
(skunks)

M: Ketamine-xylazine/yohimbine H: Tiletamine-zolazepam
H: ketamine-acepromazine

Mustelidae (22)
(badgers, ferrets,
otters, weasels)

H: Ketamine-medetomidine/
atipamezole

H: Tiletamine-zolazepam
M: Ketamine

H: ketamine-xylazine/yohimbine M: ketamine-acepromazine
L: Ketamine-medetomidine-
butorphanol/atipamezole and
naloxone

L: Ketamine-diazepam
L: ketamine-midazolam
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muscles lie beneath skin and fur, because drugs are typically administered to wild
carnivores by injection, often using remote drug-delivery equipment (blowpipes,
modified pistols or rifles, and darts; Kreeger and Arnemo 2007). Injection into
other tissues, such as fat or bone, will likely prolong or prevent capture and increase
the potential for complications. One must be able to distinguish between normal
and drug-induced behavior to monitor the effectiveness of a given drug dose and, if

Family Immobilizing drugs with antagonists1, 2

(Drug/antagonist)
Immobilizing drugs lacking
antagonists1, 3

L: tiletamine-zolazepam-xylazine/
yohimbine or atipamezole
L: etorphine-xylazine/diprenorphine
and yohimbine
L: fentanyl-xylazine/naltrexone and
yohimbine
L: fentanyl-diazepam/naltrexone

Procyonidae (5)
(coatimundi, raccoon,
kinkajou)

M: Ketamine-xylazine/yohimbine
M: ketamine-medetomidine/

H: Tiletamine-zolazepam
H: ketamine-acepromazine

atipamezole L: Ketamine-acepromazine
L: Tiletamine-zolazepam-xylazine/
yohimbine or atipamezole

Ursidae (7) (bears) H: Tiletamine-zolazepam-
medetomidine/atipamezole

H: Tiletamine-zolazepam

M: Tiletamine-zolazepam-xylazine/
yohimbine or atipamezole
M: ketamine-xylazine/yohimbine
M: ketamine-medetomidine/
atipamezole
L: Etorphine/diprenorphine

Viverridae (11) (civets,
genets, binturongs)

M: Ketamine-xylazine/yohimbine
L: Ketamine-medetomidine-
butorphanol/atipamezole and
naloxone

H: Tiletamine-zolazepam
L: Ketamine-acepromazine

1 Kreeger and Arnemo (2007) and West et al. (2007) provide information on species-specific drug use including
dosages, cautionary comments, and appropriate references.
2 Immobilizing drugs are typically combined prior to injection, hence “ketamine-xylazine.” Antagonist drugs are
generally administered separately, hence “atipamezole and naloxone.”
3 Although antagonists are available for diazepam, midazolam, and zolazepam, they are seldom used because of
their short duration of effect.
4 In parentheses is number of species for which drug use is reported in scientific literature.
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necessary, to determine if more drug is required. Once an animal is anesthetized, it
is necessary to monitor its vital signs, as well as its level (or depth) of anesthesia, and
to recognize when adverse physiological responses are developing (Cattet et al.
2005; West et al. 2007). Much of this knowledge can only be gleaned through
extensive hands-on experience, not through the pages of books and reports.
Nonetheless, attention to current literature and participation in creditable courses
in wildlife chemical immobilization will help improve the value of field
experiences.

5.3 Identification, prevention, and treatment of

medical emergencies associated with capture

Wildlife capture is often unpredictable and relatively uncontrolled. As a result, the
potential for medical emergencies is ever present, whether it is injury sustained
during capture or adverse physiological response to drugs or restraint (Appendix
5.5). Emergencies or complications can develop at any time between capture and
release, and sometimes days to weeks following release (Cattet et al. 2005). During
capture, an animal can be injured by the trap (Powell 2005; Cattet et al. 2008a),
through impact or injection by darts (Valkenburg et al. 1999; Cattet et al. 2006),
or while being pursued (Cattet et al. 2003). While restrained in a trap, animals can
injure themselves while attempting to escape (Proulx et al. 1993a; Powell 2005), be
injured by other animals (Hooven et al. 1979; Craft 2008a), or develop adverse
physiological conditions as a consequence of stress, extreme ambient temperatures,
or lack of water (Cattet et al. 2003). With chemical immobilization, emergencies
can arise with inappropriate use of drugs or failure to monitor physiological
function (vital signs) of anesthetized animals (Cattet et al. 2005). Following release,
animals may develop complications as a delayed effect of their response to capture
(e.g. exertional myopathy, Cattet et al. 2008b).

5.3.1 Homeostasis, stress, distress, and treatment of

medical emergencies

Preventing medical emergencies is better and easier than treating them. Effective
prevention, however, depends on a sound knowledge of factors that can cause
complications and how animals respond to them (Appendix 5.5). Normally,
animals actively maintain a relatively constant internal environment (i.e. body
temperature, acid–base balance, body water content, etc.) in the face of changing
external conditions, such as weather, food availability, and activity. This homeo-
stasis is an essential requisite for many biological processes, including reproduction,
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growth and development, and immunity. Factors that threaten or disturb homeo-
stasis are called stressors, and the behavioral and physiological responses required to
maintain homeostasis are collectively termed the stress response (Figure 5.2)
(Hofer and East 1998; Moberg andMench 2000). If the stress response is effective,
homeostasis is maintained and biological processes continue unabated.

When biological processes are disrupted, however, as a result of a prolonged or
excessive stress response, the resulting state is termed distress. Manifestations of
distress include impaired reproduction, suppression of immune function, stunted
growth, and reduced ability to mount an effective stress response in future. At its
extreme, distress results in death. Reducing the occurrence and intensity of
potential stressors in capture and handling will help prevent distress. Treating
medical emergencies in free-ranging wild animals is often difficult, and sometimes
impossible. Wild animals are not compliant patients, thus drugs are required to
ensure that an animal remains immobilized, or at least sedated, during treatment.
Further, effective treatment may require follow-up care over a period following

Stressors of Capture
and Handling

Perceived and
Real Threats to
Homeostasis

- release of catecholamines
and glucocorticosteroids

- metabolic changes and
physiological adjustments

- whole animal changes in
behavior and organ function

- increased protection
and stability of cells

The Stress Response

Primary Secondary

TertiaryCellular

Adaptation

Distress

Death

Fig. 5.2 Diagram illustrating the stress response that follows when an animal perceives a
threat to homeostasis. The perception may be psychological, physical, physiological, or a
combination of types. The overall effectiveness of the stress response—adaptation,
distress, or death—is affected by the number, intensity, and duration of stressors.
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initial treatment (e.g. to change bandages, to remove sutures or to administer
medication). With non-captive, wild animals, follow-up care is not an option.
Typically, an animal is released, possibly never to be seen again, and one hopes for
the best. These difficulties underscore the importance of placing emphasis on
prevention rather than treatment (Appendix 5.5). One must be able to recognize
emergencies, to have proper treatment materials on hand, and to have appropriate
training and skills required to provide treatment (Appendix 5.5). Researchers
seeking more detailed information on treatment of medical emergencies should
review books or technical manuals by Nielsen (1999), Cattet et al. (2005), Kreeger
and Arnemo (2007), and Fowler (2008).

5.3.2 Necropsy

Animals that die during or following capture should be necropsied (Chapter 13;
Cattet et al. 2005). If an animal dies as a direct result of capture procedures, the
capture and handling protocol should be reviewed carefully and minutely, and
possibly revised, to ensure similar deaths do not occur in future. If an animal dies as
a consequence of concurrent disease combined with the stress of capture, necropsy
findings will help to assure continued confidence in the capture protocol and may
provide new information regarding the health of the species.

In the field, appropriate tissue samples should be collected and frozen or fixed
in 10% buffered formalin for submission to a veterinary pathology facility
(Chapters 4, 6, and 13). Appropriate tissue samples should include brain, lung,
heart, liver, kidney, spleen, lymph nodes, and muscle. Capture personnel should
refer to a wildlife necropsy manual for details regarding required equipment,
techniques, and sampling procedures (Chapter 13; Munson 1999; CCWHC
2010). Documentation should include a detailed history and digital images of
the field necropsy to assist the veterinary pathologist diagnosing the cause of
death. Alternatively, under some circumstances, it may be desirable to arrange
shipment of the entire carcass to a veterinary pathology facility for detailed
necropsy (Chapter 13).

5.4 Euthanasia

Euthanasia is the humane killing of animals, characterized by minimal pain and
distress (AVMA 2007). Minimal pain means the dying animal experiences little
sensation of pain because its cerebral cortex, the area of the brain that controls
thought, memory, sensation, and voluntary movement, has been rendered non-
functional by drugs, concussion, or oxygen deficiency (hypoxia). Minimal distress
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means the dying animal has not had the opportunity to respond to its situation in a
way that is harmful to itself. In the context of wildlife capture, untreatable pain and
distress may provide the basis for deciding to kill an animal, so euthanasia by strict
definition may not be possible (Drew 2006). Nonetheless, the killing should be as
humane as possible.

In addition to severe untreatable injury, other situations can arise during capture
and handling when researchers must consider euthanizing an animal; for example,
when an animal poses an immediate threat to capture personnel, to the public, to
other wildlife (e.g. risk of spreading a serious infectious disease) or to the environ-
ment (e.g. an invading species). Consequently, capture personnel must be familiar
with acceptable methods of humanely killing wild animals, and must have appro-
priate equipment (including drugs) on hand to perform a kill quickly. Killing an
animal humanely requires appropriate training and experience with the required
techniques, restraint of the animal to be killed, and selection of proper drugs
(Table 5.2) using criteria that consider humaneness and user safety (AVMA 2007).
Specific attention must be given to how best to restrain a wild carnivore prior to
killing it (AAZV 2006). Use of “gentle restraint” methods advocated for domestic
animals are likely to be ineffective and dangerous with wild animals that are injured
or already distressed by being captured. Sedative- or anesthetic-type drugs should
be used for these situations, and drugs should be administered by a method that is
safe for personnel and minimizes distress in the animal.

Specific consideration should also be given to the human psychological response
to killing an animal (AVMA 2007). The decision to kill an animal is sometimes
difficult. Uncertainty or differences in opinion often arise regarding the potential
impact of a severe injury on an animal’s future welfare. Furthermore, a euthanasia
decision determined by peripheral factors (e.g. policies or regulations), rather than
the condition of the animal, may be controversial. Decision criteria and methods
for euthanasia should be discussed and understood by all team members prior to
starting trapping.

Appendix 5.6 provides information on acceptable methods of euthanasia for
wild carnivores. Some methods, such as exsanguination (bleeding out) or intrave-
nous administration of potassium chloride, are only regarded as acceptable if the
animal is killed while deeply anesthetized. Methods regarded as unacceptable,
regardless of circumstances, include a blow to the head for animals >1 kg body
weight, carbon monoxide, chest compression, drowning, hypothermia (or rapid
freezing), and use of neuromuscular blocking agents, such as succinylcholine
(AAZV 2006, AVMA 2007).
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Carcasses of animals killed while anesthetized, or killed by barbiturate overdose,
should be disposed of by deep burial or incineration to prevent secondary toxicity
of scavengers (AAZV 2006).

5.5 Restraining and marking techniques

In the absence of, before or immediately after, anesthesia, captured animals must
be restrained safely, so as to minimize physical injury and stress (Table 5.4).

Temporary or permanent marks should be as painless as possible and should not
affect the animals’ behavior or health (ASM Animal Care and Use Committee
1998). Marks must be matched to research objectives and must be appropriate for
a carnivore’s sizes, body shape, future growth, and behavior (Powell and Proulx
2003). Many short-term, long-term, and permanent markers have been developed
for mammals, but few have been tested with carnivores (Appendix 5.7).

Table 5.4 Restraining techniques to handle captured animals.

Technique Description Examples

By hand with a catching
pole (pole snare) or a
forked stick

Wear gloves—grasp the animal
firmly at the base of the neck with
one hand, and the hips with the
other hand. Hands and arms
should be kept above the back of
the mammal to avoid claws (Jones
et al. 1996).

Wolves—Kolenosky and
Johnston 1967
Jackals—Rowe-Rowe and
Green 1981
Red foxes—Henry 2004;
Craft 2008b
Pumas—Davis et al. 1996
Badgers—Proulx, unpubl. data

Portable cushion Use cushion to break the fall of
anaesthetized animals.

Pumas—McCrown et al. 1990

Squeeze cage This is a cage equipped with a
squeeze panel (wire mesh, wood,
netting, compact cloth) to hold an
animal firmly against the side of
the cage for anaesthesia.

Fishers—Buck 1982; Frost
and Krohn 1994
River otters—McCullough
et al. 1986

Wire mesh cone This is used to handle animals
<1500 g (Taber and Cowan
1969; Powell, unpubl. data;
Proulx, unpubl. data).

American marten—Bull et al.
(1996)
Long-tailed weasel—Proulx,
unpubl.data

Cloth, mesh or heavy
plastic bags

May be used during anaesthesia. Red fox—Zabel and Taggart
1989
Polecats—Forman and
Williamson 2005
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5.6 Designing effective trapping programs for carnivores

Carnivores have cognitive maps of where they live, and they do not use space
within their home ranges randomly (Chapter 9; Peters 1978; Powell 2000; Proulx
2005). Therefore, setting traps randomly or uniformly across the landscape will
likely be less productive than setting traps at special habitat features. Aside from
trap and set characteristics, a variety of biotic and abiotic factors affect capture
success. To develop an effective trapping program, one must know how a carnivore
is associated with the vegetative and physical structures of a study area, and the sizes
of home ranges of males and females, adults and juveniles, females with or without
young, and dominant and subordinate animals. Traps may be spread so that each
individual of a population has one trap within its home range (to trap as many
different individuals as possible) or so that each individual has many traps within its
home range (to recapture each individual many times; Powell and Proulx 2003).
Home range and population sizes may be related to food patches (Macdonald
1983; Fuller et al. 1992), but also to intra- and interspecific competition
(Rosenzweig 1966; Marker and Dickman 2005; Moorcroft et al. 2006). Finally,
weather change can affect carnivore activity (Zielinski 2000). Understanding
species-specific factors that may affect capture success dictates how and when
traps should be set in the field to meet a program objective. The distribution of
traps will vary from one species to another but, in all cases, trapping programs
should be developed with spatio-temporal schemes that are compatible with the
biology of animals.

5.7 Animal welfare

While animals have been captured for centuries by human populations evolving
with their environments, today, capturing and handling carnivores is specialized
work and must be conducted with scientifically sound protocols and high stan-
dards of animal use and welfare.

Researchers should apply Russell and Burch’s (1959) “3 Rs,” Replacement,
Reduction, Refinement, to the use of animals in field research. Although the 3 Rs
are well-established principles in the field of laboratory animal science, many
wildlife researchers are unfamiliar with them and their implementation in wildlife
research. This unfamiliarity may be explained, in part, because the goals of wildlife
research often value the welfare or needs of populations, communities or ecosys-
tems over the welfare of individual animals (CCAC 2008). Nonetheless, the
welfare of individual wild animals is of concern because:
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1. Animals (target or non-target species) may be injured during capture or
handling.

2. Sampling or marking of captured animals may involve invasive procedures.
3. Wild animals are likely to be intensely stressed during capture because they

are not conditioned to human handling.
4. Wild animals may conceal capture-related injuries (from researchers) that

could have serious consequences for their long-term survival.
5. Welfare indicators are deficient for many wild species.
6. Peer-reviewed reports on the welfare and research implications of wild animal

studies are lacking.

Researchers must consider and implement the 3 Rs to balance the needs of wildlife
research and wild animals in accordance with the following definitions (CCAC
2008):

• Replacement—Researchers should use animals only if they are unable to find a
replacement by which to obtain the required information. Replacement
strategies include noninvasive sampling (Chapter 4), collation and use of
information already gained, population meta-analyses, population and habitat
suitability simulations, and archived tissue samples.

• Reduction—Researchers should use the fewest animals needed to provide valid
information and statistical inference (Chapter 8). Sample size can be mini-
mized by (1) designing research that yields data appropriate for statistical tests
needing small or remotely collected samples (Chapters 4 and 8); (2) using
factorial design to explore the effects of several variables in one experiment;
(3) using sequential and multivariate statistical methods; or (4) using repeated
measured designs (McConway 1992). Reduction also can be applied without
compromising animal welfare by maximizing the information obtained
per animal (e.g. collection of biological and genetic samples for archiving,
Chapter 6), thereby limiting or avoiding, the subsequent use of additional
animals. When trapping carnivores, reduction can be applied by designing
trapping programs that minimize the likelihood of capturing non-target animals.

• Refinement—Researchers should use the most humane, least invasive techni-
ques to minimize pain and distress (Chapter 4). This is the easiest of the 3 Rs
to apply in wildlife research. Possible strategies include: (1) assessing and
reducing potential sources of harm to captured animals; (2) avoiding methods
that raised questions of animal welfare in other studies; (3) using drugs
(analgesics) to control pain in invasive procedures (e.g. biopsy, tooth extrac-
tion); (4) using noninvasive sampling (Chapter 4) and other sampling not
requiring capture to collect biological and genetic samples (e.g. skin samples
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by remote biopsy darting; Spong and Creel 2001); (5) minimizing distur-
bances that can lead animals to abandon home ranges, can pre-empt feeding,
can disrupt social structure, and can alter predator–prey relationships;
(6) using a minimal (but safe) restraint and the shortest possible handling
time; (7) collaborating with manufacturers to produce research equipment
least likely to cause pain and distress or to disrupt an animal’s normal way of
life; and (8) publishing descriptions of refined techniques in the peer-reviewed
scientific literature (CCAC 2008).

Researchers and managers can implement and promote the 3 Rs by ensuring that
all personnel involved in their capture programs are trained appropriately in field
procedures and have undertaken formal training in the concept and implementa-
tion of the 3 Rs, and by collaborating in the development and dissemination of
training courses, guidelines, and protocols for various species and types of wildlife
research (CCAC 2008; Norecopa 2008).
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Appendix 5.1 Trap types used in the capture of carnivores.

Traps Material

Restraining devices
Cage or box traps

Wire mesh, solid
wood, metal, or
plastic walls

Foothold
(leghold) traps

Metal clamping jaws
that can be rubber-
padded or offset

Foot (leg), and
neck snares

Metal cable of a
single or multiple
strands

Nets Nylon mesh

Killing traps
Snap trap
(mousetrap)

Metal striking bars
mounted on flat
surfaces

Planar trap Metal bar



Mode of action Species References

One or two entrances that close when
animals step on a treadle or move a
triggering device.

Small cages to capture small
carnivores to huge structures made
of logs or road culverts to trap
wolverine- (Gulo gulo) to bear-sized
(Ursus spp.) carnivores.

Powell and Proulx
2003

Jaws open to 180o in their set positions
and clamp together to capture animals by
a paw or a leg. Some traps have a housing
that completely encases a captured limb.
All traps are powered by either coil or leaf
springs when sprung.

Foothold traps for canids and felids.
Traps such as the EGG tap are used
for small- and medium-sized
carnivores that manipulate and
explore with their paws (e.g.
raccoon, Procyon lotor).

Proulx et al.
1993a Proulx
1999a Hubert
et al. 1999

The energy to tighten the noose around
an animal’s limb or body is provided by the
captured animal or a spring. The cable is
equipped with a locking mechanism to
prevent the loop from loosening.

Medium-sized carnivores. Neck
snares are used to live-trap canids.
They hold animals by their necks as
if restrained with a leash; a stop
prevents the loop from choking
animals.

Nellis 1968
Bjorge and
Gunson 1989
Proulx 1999a
Woodroffe et al.
2005b Gese
2006

Drive nets, stretched loosely between two
solid objects and supported by poles or
branches, to capture carnivores driven by
battue and fladry lines, or by helicopters.
Hand-held net guns fired from helicopters
or all-terrain vehicles.

Medium- and large-sized carnivores. Beasom et al.
1980 Gese et al.
1987 Okarma
and Jedrzejewski
1997

U-shaped jaw, as in common mouse and
rat traps, or a straight bar that closes from
180o onto a flat surface.

Small carnivores. Powell and Proulx
2003

The spring forms the killing bar and closes
in the same plan.

Small carnivores. Proulx 1999a

(continued)
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Appendix 5.1 Continued

Traps Material

Rotating-jaw
(body-gripping)
traps

Square-shaped
metal bars

Killing box trap Metal striking jaw or
cable

Killing snares Wire nooses set on
land or underwater

Submarine traps Cage, rotating-jaw
or foothold traps



Mode of action Species References

Rotating-jaw traps have two metallic,
circular, square, or rectangular frames that
are hinged at their center point to operate
in a scissor-like action, and are equipped
with two torsion springs. Frames rotate
and close on the animals upon firing.

Small- and medium- sized
carnivores.

Proulx 1999a

Striking jaw or cable set within a box or
pipe that is driven by a spring to strike an
animal ventrally when the trigger is
released.

Although these traps are used
mainly for the capture of rodents,
they can capture small carnivores
such as weasels (Mustela spp.).

Proulx 1997,
1999a, unpubl.
data.

In manual snares, an animal provides the
energy to tighten the noose around its
neck. In power snares one or more springs
tighten the noose.

Medium-sized carnivores. Proulx 1999a

Traps are set underwater, or slide
underwater. The captured animal may
drown or be killed by the trap itself.

Semi-aquatic (e.g. mink, Neovison
vison) and riparian (e.g. raccoon)
carnivores.

Proulx 1999a
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Appendix 5.2 Trap sets that are commonly used for the capture of carnivores.

Set type Description

Slide wire
(drowning)

Foothold trap set in such a way on land, at the edge of water, or in a
shallow rill entering a large body of water that it slides into the
water upon capture of an animal. A lock stops the trap from coming
back up, and the animal is submerged with the trap and drowns.

Channel A rotating-jaw trap set at the bottom of water channel to capture
predators such as minks and otters.

Running pole A killing trap is set on a pole leaning on a tree trunk. Vegetation
placed on top of the trap discourages animals from stepping over
the trap to reach the bait, which is between the trap and the
trunk. Bait covered with vegetation is less obvious to birds.

Box A killing trap is inserted and secured in a wire, wooden, or plastic
box with one end open and the other covered with wire mesh. Bait
is placed behind the trap, at the back of the box near wire mesh.
The box may be placed on the ground, on a stump, or on a running
pole. Traps set in small boxes with openings at both ends will
capture weasels.

Cubby Teepee-like construction made of logs and branches, a hole dug
into a bank, or a rock pile that encloses the trap and bait. The
trap is set at the mouth of the funnel-like entrance, which
channels the animal toward the bait. For bears (Ursus spp.), the
back of the cubby should be a large rock or tree that forces the
animal to enter the cubby to reach the bait. Large logs should be
set on each side of a cubby to direct a bear towards the trap.



References

Boggess and Loegering 1985
Hubert et al. 1996

Boggess and Loegering 1985

5

Boggess and Loegering 1985

Boggess and Loegering 1985
Proulx 1999a
Proulx and Barrett 1993b

Boggess and Loegering 1985
Proulx et al. 1995

(continued)
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Appendix 5.2 Continued

Set type Description

Trail A foothold trap or footsnare is set on a game trail. Setting the
trap on one side of a log set across the trail forces a target animal
to step over the log and land with its full weight on the trap
trigger. A two-trap blind set, where a small stick is placed
between the traps and at either approach, increases capture
rates of some species (e.g. cougar, Felis concolor). For bears, a leg
snare should be set under a footprint on the bear trail.

Pipe (bucket) This is a set specifically for bears. The noose of an Aldrich snare is
set around a 23-cm long stove pipe or bucket (13-cm diameter)
inserted in a 23-cm deep hole in the ground. One side of the pipe
has a 6.5-cm long and 2.5-cm wide slot to accommodate the
spring throw arm of the snare so the trigger extends through the
slot into the center of the pipe. Bait is placed at the bottom of
the pipe, below the trigger. The cable loop and the spring throw
arm are covered with soil, grass and leaves. When the snare fires,
a bear’s paw is below the rim of the noose and the snare captures
the bear by the leg rather than by the paw.

Tube trap A rubber-padded snare is placed within a PVC pipe that is 85 cm
from the ground between three trees forming a triangle. When a
bear pulls on the trigger to reach the bait placed at the back of
the pipe, the snare tightens on the leg.

Snare A manual or power snare is set across a game trail, without bait or
scent, or set at the entrance of a baited enclosure (see pen set
below). Depending on the size and height of the cable loop,
medium- or large-sized carnivores may be captured selectively.

EGG trap An EGG trap may be anchored to a tree above ground or set in a
hole dug into a stream bank within 25 cm of the waterline.



References

Young and Goldman 1946
Provencher 1969

PESCOF 1988
Hygnstrom 1994
Huber et al. 1996

Lemieux and Czetwertynski 2006

PESCOF 1988

Proulx et al. 1993a
Hubert et al. 1996
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Appendix 5.2 Continued

Set type Description

Scent post A scent or lure is placed on a stump, a stick or another prominent
object to entice an animal to approach and rub the object. A
foothold trap or foot snare set near the base of the stump
captures the carnivore.

Dirt hole A foothold trap or foot snare is set in front of a 10-cm diameter
and 20-cm deep hole dug at a 45–60o angle at the base of
clump of weeds, small stump or other backstop, in a relatively
open area where visibility is good on all sides. Bait is placed at the
bottom of the hole and covered with dirt.

Cage trap A cage trap set uses the trap itself as a self-contained cubby for
carnivores that will enter enclosed spaces. Traps should be
concealed and covered with vegetation to protect animals from
sunlight, precipitations and predators. Bait should be placed
behind the treadle or trigger to force the animal to enter the trap
and step on the trigger.

Pen A pen set uses a pen with a single entrance constructed around a
burrow system inhabited by a target carnivore. Bait is located
outside the pen, in line with the entrance and cage, foothold trap,
foot snare, or killing trap is set at the entrance, between the pen
and the bait.



References

Boggess and Loegering 1985

Boggess and Loegering 1985
PESCOF 1988 Krause 1989

Boggess and Loegering 1985
Powell and Proulx 2003

Currie and Robertson 1992Proulx, unpubl.
data
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uñ
o
z-
Ig
ua
la
d
a
et
al
.2

0
0
2
).

M
o
re

ca
p
tu
re

ef
fic
ie
nt

th
an

B
el
is
le
fo
o
t
sn
ar
e.

M
o
re

se
le
ct
iv
e
th
an

ca
ge

tr
ap
s.

�

Fo
x,
R
up

p
el
l’s

(V
ul
pe
s

ru
ep
pe
lli
i)

N
o
.3

V
ic
to
r
So

ft
-C
at
ch

T
M
fo
o
th
o
ld

tr
ap

2
M
ee
ts

C
ri
te
ri
o
n
II,

p
o
ss
ib
ly
b
ec
au
se

an
im
al
s
la
y

re
la
ti
ve
ly
q
ui
et
ly
in
fo
o
th
o
ld

tr
ap
s
(S
ed
d
o
n
et
al
.

1
9
9
9
).

�

Ja
ck
al
s
(C
an
is
m
es
om

el
as
,

C
.
ad
us
tu
s,
C
.
au
re
us
)

N
o
.3

O
ne
id
a
Ju
m
p
tr
ap

1
p
ad
d
ed

w
it
h
tw
o

la
ye
rs

o
f
co
tt
o
n
m
ut
to
n
cl
o
th

M
ee
ts
C
ri
te
ri
o
n
II
w
he
n
tr
ap
s
ch
ec
ke
d
d
ai
ly
af
te
r

d
aw

n
(R
o
w
e-
R
o
w
e
an
d
G
re
en

1
9
8
1
).

�

V
ic
to
r
So

ft
-C
at
ch

T
M
N
o
.1

½
fo
o
th
o
ld

tr
ap

2
M
ee
ts

C
ri
te
ri
o
n
II
if
an
im
al
s
ha
nd

le
d
up

o
n

ca
p
tu
re

(C
ra
ft
2
0
0
8
b
).

�

W
o
lf,
gr
ey

o
r
ti
m
b
er

(C
an
is
lu
pu
s)

N
o
.4

d
o
ub

le
lo
ng

sp
ri
ng
,

N
o
.4

ja
w
s
o
ff
se
t
2
m
m
,

N
o
.1

4
to
o
th
ed
,

N
o
.1

4
d
o
ub

le
lo
ng

sp
ri
ng

st
ee
l-
ja
w
ed

fo
o
th
o
ld

tr
ap
s2

C
o
m
m
o
nl
y
us
ed

to
ca
p
tu
re

w
o
lv
es

in
N
o
rt
h

A
m
er
ic
a
b
ut

ca
us
e
ex
te
ns
iv
e
in
ju
ri
es

an
d
d
o
no

t
m
ee
t
C
ri
te
ri
o
n
II
(V
an

B
al
le
nb

er
gh
e
1
9
8
4
;

K
ue
hn

et
al
.
1
9
8
6
;S

ah
r
an
d
K
no

w
lt
o
n
2
0
0
0
).

�

M
o
d
ifi
ed

N
ew

ho
us
e
N
o
.4

1
8
fo
o
th
o
ld

tr
ap

N
ew

ho
us
e
1
4
w
it
h
1
.8
-c
m
o
ff
se
t
to
o
th
ed

ja
w
1
8

fo
o
th
o
ld

tr
ap

W
it
h
o
ne

sp
ri
ng

o
nl
y,
m
ee
ts

C
ri
te
ri
o
n
II

(K
o
le
no

sk
y
an
d
Jo
hn

st
o
n
1
9
6
7
).

M
ay

m
ee
t
C
ri
te
ri
o
n
II
(K
ue
hn

et
al
.
1
9
8
6
).

�

(c
on
ti
nu
ed
)

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
p
p
e
n
d
ix
5
.3

C
on
ti
nu
ed

S
pe
ci
es

T
ra
p
m
od
el

Pe
rf
or
m
an
ce

M
ee
ts

C
ri
te
ri
on

I
M
ee
ts
C
ri
te
ri
on

II
Ye
s

N
o

Ye
s

N
o

C
A
N
ID
S

N
o
.4

fo
o
th
o
ld

tr
ap

w
it
h
o
ff
se
t
st
ee
l-
ja
w
s1

w
it
h

tr
an
q
ui
liz
er

ta
b
s

-

W
it
h
p
ro
p
io
p
ro
m
az
in
e
hy
d
ro
ch
lo
ri
d
e
ta
b
s
m
ee
t

C
ri
te
ri
o
n
II
(S
ah
r
an
d
K
no

w
lt
o
n
2
0
0
0
,C

ha
ve
z

an
d
G
es
e
2
0
0
6
).
Fo
r
us
e
w
it
h
ad
ul
ts

an
d
p
up

s.

�

N
o
.7

EZ
G
ri
p
T
ra
p
6

M
ay

m
ee
t
C
ri
te
ri
o
n
II
(F
ra
m
e
an
d
M
ei
er

2
0
0
7
).

-
A
ld
ri
ch

fo
o
t
sn
ar
e1

9
M
ee
ts

C
ri
te
ri
o
n
II
(V
an

B
al
le
nb

er
gh
e
1
9
8
4
;

O
ka
rm

a
et

al
.
1
9
9
8
).
D
iffi
cu
lt
to

co
nc
ea
l,
no

t
ca
p
tu
re

ef
fic
ie
nt

fo
r
tr
ap
-s
hy

w
o
lv
es
.

�

D
ri
ve

ne
t

W
it
h
ny
lo
n
m
es
h
ne
ts

st
re
tc
he
d
lo
o
se
ly
an
d

su
p
p
o
rt
ed

b
y
p
o
le
s
o
r
b
ra
nc
he
s,
m
ee
ts

C
ri
te
ri
o
n

II
(O

ka
rm

a
an
d
Je
d
rz
ej
ew

sk
i1

9
9
7
;O

ka
rm

a
et
al
.

1
9
9
8
;T

he
ue
rk
au
f
et

al
.
2
0
0
3
).

�

N
et

gu
n1

0
M
ee
ts
C
ri
te
ri
o
n
II
(W

al
to
n
et
al
.2

0
0
1
b
;C

ha
ve
z

an
d
G
es
e
2
0
0
6
).
U
se
d
to

ca
p
tu
re

ad
ul
ts
an
d

p
up

s.

�

W
o
lf,
m
an
ed

(C
an
is

br
ac
hy
ur
us
)

C
ag
e
tr
ap

o
f
m
et
al
b
ar
s
an
d
w
ir
e
fe
nc
es
,t
w
o

gu
ill
o
ti
ne

d
o
o
rs

1
.7

�
1
.2

�
0
.7

m
M
ee
ts

C
ri
te
ri
o
n
II
(C

ur
ia
nd

T
al
am

o
ni

2
0
0
6
).

H
ig
hl
y
se
le
ct
iv
e
fo
r
ca
ni
d
s.

�

FE
LI
D
S

B
o
b
ca
t
(L
yn
x
ru
fu
s)

N
o
.3

S
o
ft
-C
at
ch

T
M
fo
o
th
o
ld

tr
ap

2
M
ee
ts

C
ri
te
ri
o
n
II
(O

ls
en

et
al
.
1
9
8
8
).
C
an

b
e

m
o
d
ifi
ed

fo
r
o
p
ti
m
al
us
e
(E
ar
le
et
al
.
2
0
0
3
).

�

C
ag
e
tr
ap

3
8
�

3
8
�

9
0
cm

M
ee
ts

C
ri
te
ri
o
n
II
(W

o
o
lf
an
d
N
ie
ls
en

2
0
0
2
).

M
o
re

ca
p
tu
re
-e
ffi
ci
en
t
th
an

N
o
.3

So
ft
-C
at
ch

fo
o
th
o
ld

tr
ap
s.

�

C
at
,f
er
al
d
o
m
es
ti
c
(F
el
is

ca
tu
s)

N
o
.1

½
So

ft
-C
at
ch

T
M
fo
o
th
o
ld

tr
ap

1
M
ee
ts

C
ri
te
ri
o
n
II
(M

o
ls
he
r
2
0
0
1
).

�
C
ag
e
tr
ap

2
0
4
0
�

4
0
�

6
0
cm

M
ee
ts

C
ri
te
ri
o
n
II
(M

o
ls
he
r
2
0
0
1
).

�
C
o
ug
ar

(P
um

a
co
nc
ol
or
)

Sc
hi
m
et
z-
A
ld
ri
ch

fo
o
t
sn
ar
e2

1
�

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



M
ee
ts

C
ri
te
ri
o
n
II
(L
o
ga
n
et

al
.
1
9
9
9
).
M
ay

ca
us
e
fe
w
er

d
ea
th
s
th
an

tr
ee
in
g
an
im
al
s
w
it
h

tr
ai
ne
d
d
o
gs
.

Ly
nx
,N

o
rt
h
A
m
er
ic
an

(L
yn
x
ca
na
de
ns
is
)

C
o
ni
b
ea
r
3
3
0
1

U
se
d
b
y
tr
ap
p
er
s
in

N
o
rt
h
A
m
er
ic
a
(C

G
SB

1
9
9
6
)
b
ut

d
o
es

no
t
m
ee
t
C
ri
te
ri
o
n
I
(P
ro
ul
x

et
al
.
1
9
9
5
).

�

C
o
ni
b
ea
r
3
3
0
2
w
it
h
cl
am

p
in
g
b
ar
s
an
d
a
o
ne
-

w
ay

fo
ur
-p
ro
ng

tr
ig
ge
r

In
si
m
ul
at
ed

na
tu
ra
le
nv
ir
o
nm

en
ts

m
et

C
ri
te
ri
o
n

I;
ne
ve
r
fie
ld
-t
es
te
d
(P
ro
ul
x
et

al
.
1
9
9
5
).

-

N
o
.3

S
o
ft
-C
at
ch

T
M
fo
o
th
o
ld

tr
ap

2
D
o
es

no
t
m
ee
t
C
ri
te
ri
o
n
II
ev
en

w
it
h
w
ea
ke
ne
d

sp
ri
ng
s
(M

o
w
at

et
al
.
1
9
9
4
).

�

Fr
em

o
nt

fo
o
th
o
ld

sn
ar
e7

T
o
m
ah
aw

k
w
ir
e-
ca
ge

tr
ap
s1

1

6
6
�

5
1
�

1
2
2
cm

,5
1
�

3
8
�

1
1
4
cm

H
o
m
e-
m
ad
e
w
ir
e
ca
ge

tr
ap

9
9
�

1
0
2
�

1
2
2
cm

M
ee
ts

C
ri
te
ri
o
n
II
(M

o
w
at

et
al
.
1
9
9
4
),

es
p
ec
ia
lly

if
lo
o
se
ly
at
ta
ch
ed

to
tr
ee
s
o
r
d
ra
g

p
o
le
s
an
d
m
o
d
ifi
ed

to
re
d
uc
e
ta
ng
lin
g.

M
ee
t
C
ri
te
ri
o
n
II
(M

o
w
at

et
al
.1

9
9
4
;K

o
lb
e
et
al
.

2
0
0
3
).
La
rg
e
tr
ap
s
m
ay

ha
ve

hi
gh
er

ca
p
tu
re

ef
fic
ie
nc
y.

� �
Li
o
n
(P
an
th
er
a
le
o)

A
ld
ri
ch

fo
o
th
o
ld

sn
ar
e1

9
Se
t
in
a
b
ai
te
d
th
o
rn
b
us
h
en
cl
o
su
re
,m

ee
ts

C
ri
te
ri
o
n
II
(F
ra
nk

et
al
.
2
0
0
3
).
A
ft
er

b
ri
ef

st
ru
gg
le
,l
io
ns

lie
d
o
w
n.

�

T
ig
er
,A

m
ur

(S
ib
er
ia
n)

(P
an
th
er
a
ti
gr
is
al
ta
ic
a)

A
ld
ri
ch

fo
o
th
o
ld

sn
ar
e1

9
M
ee
ts
C
ri
te
ri
o
n
II
(G

o
o
d
ri
ch

et
al
.2

0
0
1
).
Ef
fo
rt
/

ca
p
tu
re

hi
gh
.

�

H
Y
A
EN

ID
S

H
ye
na
,b

ro
w
n
(H

ya
en
a

br
un
ne
a)

A
ld
ri
ch

fo
o
t
sn
ar
e1

9
M
ee
ts

C
ri
te
ri
o
n
II
(F
ra
nk

et
al
.
2
0
0
3
).

�

M
EP
H
IT
ID
S

Sk
un

ks
,s
tr
ip
ed
,s
p
o
tt
ed
,

ho
g-
no

se
d
(M

ep
hi
ti
s

m
ep
hi
ti
s,
M
.
m
ac
ro
ur
a,

Sp
ilo
ga
le
pu
to
ri
us
,
S.

Fo
o
th
o
ld

tr
ap
s

U
se
d
(A
lle
n
1
9
3
9
;V

er
ts
1
9
6
0
)
b
ut

lim
b
in
ju
ri
es

ra
ng
e
fr
o
m
cu
t
sk
in
to

fr
ac
tu
re
s
to

ch
ew

ed
fe
et
;

d
o
no

t
m
ee
t
C
ri
te
ri
o
n
II
(N

o
va
k
1
9
8
1
;R

o
sa
tt
e

1
9
8
7
).

�

gr
ac
ili
s,
C
o
ne
p
at
us

m
es
o
le
uc
us
)

Fo
o
th
o
ld

sn
ar
es

D
o
no

t
m
ee
t
C
ri
te
ri
o
n
II
(N

o
va
k
1
9
8
1
).
Po

o
r

ca
p
tu
re

ef
fic
ie
nc
y.

�

(c
on
ti
nu
ed
)

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
p
p
e
n
d
ix
5
.3

C
on
ti
nu
ed

Sp
ec
ie
s

T
ra
p
m
od
el

Pe
rf
or
m
an
ce

M
ee
ts

C
ri
te
ri
on

I
M
ee
ts
C
ri
te
ri
on

II
Ye
s

N
o

Ye
s

N
o

M
EP
H
IT
ID
S

W
ir
e
ca
ge

tr
ap
s

If
co
ve
re
d
w
it
h
w
o
o
d
,p

la
st
ic
o
r
ca
rt
o
ns

m
ee
t

C
ri
te
ri
o
n
II
(L
ar
iv
iè
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éi
ll
et

al
.

2
0
0
7
).

�

N
o
s.
1
an
d
1
½

V
ic
to
r
So

ft
-C
at
ch

T
M
fo
o
th
o
ld

tr
ap
s1

w
it
h
o
ne

sp
ri
ng

re
p
la
ce
d
b
y
a
#

2
sp
ri
ng

Se
t
in

sh
al
lo
w
w
at
er
,a
nc
ho

re
d
to

so
lid

o
b
je
ct
s,

1
-m

lo
ng

ch
ai
n,

m
o
ni
to
re
d
d
ai
ly
ea
rl
y
m
o
rn
in
g.

M
ee
t
C
ri
te
ri
o
n
II
(F
er
ná
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ué
be
c,
En
r.
,
St
-H

ya
ci
nt
he
,
Q
ue
be
c,
C
an
ad
a.

2
5
H
an
co
ck

T
ra
p
C
o.
,
C
us
te
r,
So
ut
h
D
ak
ot
a,

U
SA

.
2
6
Sl
ee
py

C
re
ek

M
an
uf
ac
tu
ri
ng
,
In
c.
,
B
er
ke
le
y
Sp

ri
ng
s,
W
es
t
Vi
rg
in
ia
,
U
SA

.
2
7
A
.
Fe
nn

&
C
o.
,
H
oo
pe
rs
La
ne
,
A
st
w
oo
d
ba
nk
,
R
ed
di
tc
h,

W
or
ch
es
te
rs
hi
re
,
U
K
.

2
8
D
ep
ar
tm
en
t
of

C
on
se
rv
at
io
n,
W
el
lin
gt
on
,
N
ew

Z
ea
la
nd
.

2
9
EG

G
T
ra
pp

C
o.
,
B
ut
te
,
N
or
th

D
A
K
O
T
A
,
U
SA

.
3
0
R
ol
la
nd

Le
m
ie
ux
,
St
.-
Em

ile
,
Q
ue
be
c,
C
an
ad
a.

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
p
p
e
n
d
ix
5
.4

M
et
ho
ds

fo
r
ad
m
in
is
te
ri
ng

dr
ug
s
to

w
ild

ca
rn
iv
or
es
.

M
et
ho

d
D
is
ta
nc
e
fr
o
m

D
es
cr
ip
ti
o
n

Sp
ec
ifi
c
R
ef
er
en
ce
s1

T
ar
ge
t
A
ni
m
al

In
ha
la
ti
o
n

an
es
th
es
ia

(g
as

an
es
th
es
ia
)

C
lo
se

co
nt
ac
t

V
ap
o
ri
ze
d
d
ru
g
(v
o
la
ti
le
an
es
th
et
ic
)
d
el
iv
er
ed

d
ir
ec
tl
y
in
to

th
e
lu
ng
s
o
fa
n
an
im
al
fo
r
ab
so
rp
ti
o
n
b
y
b
lo
o
d
an
d
d
el
iv
er
y
to

th
e
b
ra
in
.

H
ea
th

et
al
.
1
9
9
6
M
at
he
w
s
et
al
.
2
0
0
2
Le
w
is

2
0
0
4
Po

tv
in

et
al
.
2
0
0
4

A
d
va
nt
ag
es

o
ve
r
in
je
ct
ab
le
d
ru
gs
:fi
ne
r
le
ve
lo

f
o
p
er
at
o
r

co
nt
ro
l,
ra
p
id

in
d
uc
ti
o
n
an
d
re
co
ve
ry
.

D
is
ad
va
nt
ag
es
:r
eq
ui
re
s
fie
ld
-d
ur
ab
le
d
el
iv
er
y
sy
st
em

an
d

d
ed
ic
at
ed

o
p
er
at
o
r
to

m
o
ni
to
r
d
el
iv
er
y
sy
st
em

an
d
an
im
al

co
nt
in
uo

us
ly
.

A
lt
ho

ug
h
us
e
in
fie
ld

re
se
ar
ch

is
lim

it
ed
,h

as
p
ro
ve
n
ef
fe
ct
iv
e

an
d
sa
fe

w
it
h
m
ar
in
e
an
d
te
rr
es
tr
ia
lc
ar
ni
vo
re
s
(H

ea
th

et
al
.

1
9
9
6
;M

at
he
w
s
et
al
.2

0
0
2
;L
ew

is
2
0
0
4
;P
o
tv
in
et
al
.2

0
0
4
).

H
an
d
in
je
ct
io
n

(s
yr
in
ge

an
d

ne
ed
le
)

C
lo
se

co
nt
ac
t

U
se
d
to

d
el
iv
er

d
ru
g
to

re
st
ra
in
ed

o
r
an
es
th
et
iz
ed

an
im
al
s,
to

tr
an
sf
er

d
ru
g
to

o
th
er

d
el
iv
er
y
d
ev
ic
es
,a
nd

to
co
lle
ct

b
lo
o
d

sa
m
p
le
s.

Se
e
ge
ne
ra
lr
ef
er
en
ce
s
fo
r
in
st
ru
ct
io
ns

o
n
us
e
o
f

sy
ri
ng
e
an
d
ne
ed
le
.

S
yr
in
ge
s
av
ai
la
b
le
in
m
an
y
si
ze
s
(1
–
6
0
m
l)
.N
ee
d
le
s
av
ai
la
b
le

in
m
an
y
le
ng
th
s
(1
6
–
7
5
m
m
)
an
d
ga
ug
es

(1
4
–
2
5
ga
).
O
ne
-

ti
m
e
us
e
o
f
d
is
p
o
sa
b
le
sy
ri
ng
es

an
d
ne
ed
le
s
st
ro
ng
ly

re
co
m
m
en
d
ed

to
av
o
id

co
nt
am

in
at
io
n
o
f
d
ru
gs
,b

lo
o
d

sa
m
p
le
s,
an
d
an
im
al
s.

S
af
e
p
ra
ct
ic
es

es
se
nt
ia
lf
o
r
ha
nd

lin
g
ne
ed
le
s
an
d
o
th
er

sh
ar
p
s

to
p
re
ve
nt

“n
ee
d
le
st
ic
k
in
ju
ry
”
(t
he

m
o
st

co
m
m
o
n
ca
us
e
o
f

ac
ci
d
en
ta
lh
um

an
ex
p
o
su
re

to
d
ru
gs

an
d
an
im
al
flu
id
s;
W
ee
se

an
d
Ja
ck

2
0
0
8
).

N
as
al
d
el
iv
er
y

C
lo
se

co
nt
ac
t

In
tr
an
as
al
d
ru
g
d
el
iv
er
y
(d
ru
g
sp
ra
ye
d
in
to

th
e
no

st
ri
ls
)
m
ay

p
ro
vi
d
e
an

al
te
rn
at
iv
e
to

in
tr
av
en
o
us

d
ru
g
d
el
iv
er
y
in

se
le
ct

ca
se
s.

C
at
te
t
et
al
.
2
0
0
4
W
o
lfe

an
d
B
er
ns
to
ne

2
0
0
4

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
d
va
nt
ag
es
:q

ui
ck

an
d
p
ai
nl
es
s,
na
sa
lr
o
ut
e
is
im
m
ed
ia
te
ly

av
ai
la
b
le
(r
el
at
iv
e
to

ve
ni
p
un

ct
ur
e)
,t
im
e
to

d
ru
g
ef
fe
ct

as
ra
p
id

as
b
y
in
tr
av
en
o
us

d
el
iv
er
y
(W

o
lfe

an
d
B
er
ns
to
ne

2
0
0
4
).

A
lt
ho

ug
h
us
e
in
ca
rn
iv
o
re
s
no

t
re
p
o
rt
ed
,u
se
d
w
it
h
xy
la
zi
ne

(a
se
d
at
iv
e-
ty
p
e
d
ru
g)

to
re
d
uc
e
st
re
ss

in
w
ild

el
k
(C
er
vu
s

el
ap
hu
s)

ca
p
tu
re
d
b
y
ne
t
gu
n
(C

at
te
t
et

al
.
2
0
0
4
).

O
ra
ld

el
iv
er
y

R
em

o
te

D
el
iv
er
y
o
f
d
ru
g
in
to

th
e
m
o
ut
h
b
y
“t
ra
nq

ui
liz
er

ta
b
le
t”
o
r
b
y

d
ru
g-
la
ce
d
fo
o
d
(b
ai
t)
.

B
ac
hm

an
n
et

al
.
1
9
9
0
St
an
d
er

an
d
M
o
rk
el

1
9
9
1
R
am

sa
y
et
al
.
1
9
9
5
Sa
hr

an
d
K
no

w
lt
o
n

2
0
0
0
M
o
rt
en
so
n
an
d
B
ec
he
rt
2
0
0
1
C
o
no

ve
r

2
0
0
2
Pr
us
s
et
al
.
2
0
0
2
B
al
le
st
er
o
s
et
al
.
2
0
0
7

T
ra
nq

ui
liz
er

ta
b
le
ts

us
ed

w
it
h
m
ix
ed

su
cc
es
s
to

ca
lm

ca
rn
iv
o
re
s
ca
p
tu
re
d
in
fo
o
th
o
ld

tr
ap
s
an
d
sn
ar
es

(B
al
se
r

1
9
6
5
;S

ah
r
an
d
K
no

w
lt
o
n
2
0
0
0
;P

ru
ss

et
al
.
2
0
0
2
)

D
ru
g-
la
ce
d
b
ai
t
us
ed

to
im
m
o
b
ili
ze

ca
p
ti
ve

b
la
ck

b
ea
rs

an
d

b
ro
w
n
b
ea
rs

(R
am

sa
y
et

al
.
1
9
9
5
;M

o
rt
en
so
n
an
d
B
ec
he
rt

2
0
0
1
).

D
iffi
cu
lt
ie
s
fo
r
d
ru
g
d
el
iv
er
y
to

fr
ee
-r
an
gi
ng

an
im
al
s
in
cl
ud

e
p
o
o
r
b
ai
t
ac
ce
p
ta
nc
e,
d
ru
g
in
st
ab
ili
ty
,i
na
b
ili
ty

to
co
nt
ro
l

d
o
sa
ge
,r
is
k
fo
r
no

n-
ta
rg
et

an
im
al
s
(C

o
no

ve
r
2
0
0
2
).

P
ro
gr
am

s
fo
r
m
as
s
va
cc
in
at
io
n
o
fw

ild
ca
rn
iv
o
re
s
w
it
h
va
cc
in
e-

la
ce
d
b
ai
t
su
cc
es
sf
ul
(B
ac
hm

an
n
et
al
.1

9
9
0
;B

al
le
st
er
o
s
et
al
.

2
0
0
7
).
C
ar
ca
ss
es

la
ce
d
w
it
h
m
id
az
o
la
m
us
ed

to
se
d
at
e
lio
ns

(P
an
th
er
a
le
o;
St
an
d
er

an
d
M
o
rk
el
1
9
9
1
).

Po
le
sy
ri
ng
e(
ja
b

p
o
le
)

�3
m

Ex
te
nd

s
th
e
d
is
ta
nc
e
o
f
o
p
er
at
io
n
fo
r
in
je
ct
io
n
b
y
sy
ri
ng
e
an
d

ne
ed
le
.

B
el
tr
an

an
d
T
ew

es
1
9
9
5
G
ra
ss
m
an

et
al
.
2
0
0
6

Lo
fr
o
th

et
al
.
2
0
0
8

U
se
d
to

d
el
iv
er

d
ru
g
to

tr
ap
p
ed

o
r
re
st
ra
in
ed

an
im
al
s
o
r
to

gi
ve

ad
d
it
io
na
ld

ru
g
to

an
im
al
s
no

t
co
m
p
le
te
ly
im
m
o
b
ili
ze
d

b
ut

sa
fe

to
ap
p
ro
ac
h.

Ef
fe
ct
iv
e
vo
lu
m
es

ge
ne
ra
lly

lim
it
ed

to
<
1
0
m
lb
ec
au
se

an
im
al
s

re
ac
t
q
ui
ck
ly
to

in
je
ct
io
n.

R
eq
ui
re
s
q
ui
ck

d
el
iv
er
y
th
ro
ug
h
sh
o
rt
(�

2
.5

cm
),
la
rg
e
ga
ug
e

(1
4
–
1
8
ga
)
ne
ed
le
.

(c
on
ti
nu
ed
)

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
p
p
e
n
d
ix
5
.4

C
on
ti
nu
ed

M
et
ho

d
D
is
ta
nc
e
fr
o
m

D
es
cr
ip
ti
o
n

Sp
ec
ifi
c
R
ef
er
en
ce
s1

T
ar
ge
t
A
ni
m
al

D
ar
ts

D
et
er
m
in
ed

b
y

ty
p
e
o
f
p
ro
je
ct
o
r

U
se
d
fo
r
re
m
o
te

d
el
iv
er
y
o
f
d
ru
g
(1
–
2
0
m
l)
to

a
sp
ec
ifi
c

ta
rg
et

an
im
al
us
in
g
b
lo
w
p
ip
e,
b
o
w
,o

r
d
ar
t
gu
n.

K
ilp
at
ri
ck

et
al
.
1
9
9
6
Sp

o
ng

an
d
C
re
el
2
0
0
1

K
re
eg
er

2
0
0
2
C
at
te
t
et

al
.
2
0
0
6

M
an
y
d
iff
er
en
t
d
es
ig
ns
,b

ut
b
as
ic
co
m
p
o
ne
nt
s
ar
e
a
ne
ed
le
,

b
o
d
y
(o
r
sy
ri
ng
e)
,p

lu
ng
er
,a
nd

ta
ilp
ie
ce
.

D
is
ch
ar
ge

o
fd

ru
g
b
y
ex
p
an
d
in
g
ga
s
fr
o
m
an

ex
p
lo
si
ve

p
o
w
d
er

ch
ar
ge
,b
y
co
m
p
re
ss
ed

ai
r,
b
y
b
ut
an
e,
o
r
b
y
ch
em

ic
al
re
ac
ti
o
n.

So
m
e
d
es
ig
ns

an
d
d
is
ch
ar
ge

m
ec
ha
ni
sm

s
m
o
re

lik
el
y
to

ca
us
e

in
ju
ry

to
ta
rg
et

an
im
al
s
(C

at
te
t
et

al
.
2
0
0
6
).

N
ee
d
le
s
o
f
d
iff
er
en
t
si
ze
s
an
d
p
o
rt
co
nfi
gu
ra
ti
o
ns

ha
ve

sm
o
o
th

sh
af
t,
w
ir
e
b
ar
b
,o

r
m
et
al
(o
r
ge
la
ti
n)

co
lla
r.
B
ar
b
o
r

co
lla
r
es
se
nt
ia
lt
o
re
ta
in

d
ar
t
se
cu
re
ly
in
fr
ee
-r
an
gi
ng

an
im
al
.

C
an

b
e
eq
ui
p
p
ed

w
it
h
ra
d
io
tr
an
sm

it
te
rs
to

en
ab
le
lo
ca
ti
o
n
o
f

lo
st

d
ar
ts

o
r
an
im
al
s
(K
ilp
at
ri
ck

et
al
.
1
9
9
6
).

C
an

b
e
fit
te
d
w
it
h
sk
in
cu
tt
in
g
he
ad
s
fo
r
re
m
o
te

b
io
p
sy

sa
m
p
lin
g
(S
p
o
ng

an
d
C
re
el
2
0
0
1
).

B
lo
w
p
ip
e(
b
lo
w

gu
n)

�1
5
m

Ef
fe
ct
iv
e
fo
r
re
st
ra
in
ed

an
im
al
s
o
r
fr
ee
-r
an
gi
ng

an
im
al
s
th
at

ca
n
b
e
ap
p
ro
ac
he
d
cl
o
se
ly
.

U
se
d
to

d
el
iv
er

sm
al
lv
o
lu
m
es

o
f
d
ru
g
(�

3
m
l)
.

D
ar
ts

p
ro
p
el
le
d
q
ui
et
ly
an
d
ca
us
e
m
in
im
al
tr
au
m
a.

Pr
ec
is
e
d
el
iv
er
y
lo
ca
ti
o
n
us
ua
lly

p
o
ss
ib
le
.

D
is
cr
et
e
ap
p
ea
ra
nc
e
un

lik
el
y
to

at
tr
ac
t
p
ub

lic
at
te
nt
io
n
w
he
n

us
ed

in
ur
b
an

se
tt
in
gs
.

Lo
ng

p
ip
es

in
cr
ea
se

ac
cu
ra
cy
.

R
is
k
o
f
d
ru
g
ex
p
o
su
re

b
y
m
o
ut
h.

U
se

in
so
m
e
lo
ca
lit
ie
s
p
ro
hi
b
it
ed

o
r
re
q
ui
re
s
le
ga
l

au
th
o
ri
za
ti
o
n.

B
ro
ck
el
m
an

an
d
K
o
b
ay
as
hi

1
9
7
1

H
ai
gh

an
d
H
o
p
f
1
9
7
6
R
ys
er

et
al
.
2
0
0
5

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



“P
o
w
er
ed
”
b
lo
w
p
ip
es

us
in
g
co
m
p
re
ss
ed

ai
r
o
r
ga
s
ca
n
p
ro
je
ct

d
ar
ts

up
to

3
0
m
.

R
em

o
te
-c
o
nt
ro
lle
d
,“
p
o
w
er
ed
”
b
lo
w
p
ip
e
us
ed

to
ca
p
tu
re

Eu
ra
si
an

ly
nx
es

(L
yn
x
ly
nx
;R

ys
er

et
al
.
2
0
0
5
).

Lo
ng

b
o
w
s
an
d

cr
o
ss

b
o
w
s

�5
0
m

U
se
d
to

d
el
iv
er

�5
m
lo

f
d
ru
g
to

la
rg
e
an
im
al
s.

C
o
m
m
er
ci
al
ly
-a
va
ila
b
le
d
ar
ts
m
o
un

ta
b
le
o
n
ar
ro
w
sh
af
ts
us
in
g

ad
ap
te
r.

C
an

p
ro
je
ct

d
ar
ts

lo
ng

d
is
ta
nc
es
,b

ut
d
iffi
cu
lt
to

p
re
ve
nt

tr
au
m
a
ca
us
ed

b
y
hi
gh

ve
lo
ci
ty

im
p
ac
t
(H

aw
ki
ns

et
al
.1

9
6
7
).

O
f
lim

it
ed

us
e
gi
ve
n
w
id
e
av
ai
la
b
ili
ty

o
f
ac
cu
ra
te

d
ar
t
gu
ns

th
at

ca
us
e
le
ss

tr
au
m
a.
M
o
d
ifi
ed

lo
ng

b
o
w
us
ed

to
ca
p
tu
re

lio
ns

an
d
le
o
p
ar
d
s
(P
an
th
er
a
pa
rd
us
;S

ta
nd

er
et

al
.
1
9
9
6
).

Sh
o
rt
an
d
K
in
g
1
9
6
4
H
aw

ki
ns

et
al
.
1
9
6
7

St
an
d
er

et
al
.
1
9
9
6

D
ar
t
gu
ns

�9
0
m

M
o
d
ifi
ed

p
is
to
ls
,s
ho

tg
un

s,
ri
fle
s,
an
d
cu
st
o
m
-d
es
ig
ne
d

p
ro
je
ct
o
rs

fo
r
p
ro
p
el
lin
g
d
ru
g-
fil
le
d
d
ar
ts

in
to

sp
ec
ifi
c
ta
rg
et

an
im
al
s.

C
ro
ck
fo
rd

et
al
.
1
9
5
7

Sm
ut
s
et
al
.
1
9
7
7

U
se
d
to

d
el
iv
er

d
ru
g
to

tr
ap
p
ed

ca
rn
iv
o
re
s
an
d
to

ca
p
tu
re

fr
ee
-r
an
gi
ng

ca
rn
iv
o
re
s
(�

2
0
kg
)
fr
o
m
gr
o
un

d
o
r
he
lic
o
p
te
r.

B
al
la
rd

et
al
.
1
9
8
2
K
re
eg
er

1
9
9
9
V
al
ke
nb

ur
g

et
al
.
1
9
9
9
C
at
te
t
et
al
.
2
0
0
3
H
o
le
ka
m
p
an
d

Si
sk

2
0
0
3
C
at
te
t
et

al
.
2
0
0
6
Fa
hl
m
an

et
al
.

2
0
0
8

D
ar
ts

p
ro
p
el
le
d
b
y
ga
s
ge
ne
ra
te
d
fr
o
m
a
.2
2
-c
al
ib
er

b
la
nk

ca
rt
ri
d
ge
,b

y
co
m
p
re
ss
ed

C
O
2
o
r
N
2
,o

r
b
y
co
m
p
re
ss
ed

ai
r.

C
an

d
el
iv
er

1
–
1
0
m
lo
f
d
ru
g
fo
r
co
m
p
re
ss
ed

ga
s/
ai
r-
p
o
w
er
ed

gu
ns

an
d
up

to
2
0
m
lf
o
r
.2
2
-c
al
ib
er
-p
o
w
er
ed

gu
ns
.

Ef
fe
ct
iv
e
ra
ng
e
le
ss

fo
r
p
is
to
ls
th
an

o
th
er

ty
p
es

o
f
p
ro
je
ct
o
rs
,

an
d
le
ss

fo
r
co
m
p
re
ss
ed

ga
s/
ai
r-
p
o
w
er
ed

gu
ns

th
an

fo
r
.2
2
-

ca
lib
er
-p
o
w
er
ed

gu
ns
.

D
ar
ts

fir
ed

at
hi
gh

ve
lo
ci
ty

ca
n
ca
us
e
in
ju
ry

o
r
d
ea
th

(V
al
ke
nb

ur
g
et

al
.
1
9
9
9
;C

at
te
t
et

al
.
2
0
0
6
).

R
em

o
te

in
je
ct
io
n

co
lla
rs

�2
5
0
0
0
m

U
se
d
to

re
ca
p
tu
re

an
im
al
s
b
y
re
m
o
te
-c
o
nt
ro
lle
d
in
je
ct
io
n
o
f

d
ru
g
co
nt
ai
ne
d
in

a
sy
ri
ng
e
m
o
un

te
d
o
n
a
co
lla
r.

M
ec
h
et

al
.
1
9
8
4
M
ec
h
an
d
G
es
e
1
9
9
2
Je
ss
up

1
9
9
3
Fe
d
er
o
ff
2
0
0
1
Po

w
el
l2

0
0
5

(c
on
ti
nu
ed
)

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
p
p
e
n
d
ix
5
.4

C
on
ti
nu
ed

M
et
ho

d
D
is
ta
nc
e
fr
o
m

D
es
cr
ip
ti
o
n

Sp
ec
ifi
c
R
ef
er
en
ce
s1

T
ar
ge
t
A
ni
m
al

U
se
fu
lf
o
r
re
p
ea
te
d
im
m
o
b
ili
za
ti
o
n
o
f
fr
ee
-r
an
gi
ng

an
im
al
s

d
iffi
cu
lt
to

d
ar
t.

C
o
m
m
un

ic
at
io
n
w
it
h
co
lla
r
gr
ea
te
r
b
y
ai
r
(<

2
5
km

)
th
an

b
y

gr
o
un

d
(<

3
km

).
U
se
d
b
y
to

re
ca
p
tu
re

w
o
lv
es

an
d
b
la
ck

b
ea
rs
(M

ec
h
an
d
G
es
e

1
9
9
2
;P

o
w
el
l2

0
0
5
).

N
o
lo
ng
er

av
ai
la
b
le
co
m
m
er
ci
al
ly
.

1
Sp

ec
ifi
c
re
fe
re
nc
es

of
te
n
ch
os
en

as
re
pr
es
en
ta
ti
ve

ex
am

pl
es

fr
om

a
br
oa
de
r
se
le
ct
io
n
of

lit
er
at
ur
e.

R
ea
de
rs

se
ek
in
g
ad
di
ti
on
al

re
fe
re
nc
es

or
de
ta
ils

on
us
e
of

eq
ui
pm

en
t
an
d

m
an
uf
ac
tu
re
r
in
fo
rm
at
io
n
sh
ou
ld
re
vi
ew

co
m
pr
eh
en
si
ve

w
or
ks

by
N
ie
ls
en

(1
9
9
9
),
K
re
eg
er
an
d
A
rn
em

o
(2
0
0
7
),
W
es
t
et

al
.(
2
0
0
7
),
an
d
Fo
w
le
r
(2
0
0
8
).

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
p
p
e
n
d
ix
5
.5

M
ed
ic
al
em

er
ge
nc
ie
s
an
d
co
m
pl
ic
at
io
ns

th
at

ca
n
oc
cu
r
w
it
h
ca
pt
ur
e
an
d
ha
nd
lin
g
of
ca
rn
iv
or
es
.C

om
m
en
ts
pr
ov
id
e
a
de
fin
it
io
n
or

de
sc
ri
pt
io
n
(D

)
of

th
e
em

er
ge
nc
y
or

co
m
pl
ic
at
io
n
an
d
br
ie
f
su
m
m
ar
y
in
fo
rm
at
io
n
co
nc
er
ni
ng

cl
in
ic
al
si
gn
s
(S
),
ca
us
es

(C
),
pr
ev
en
ti
on

(P
),
an
d

tr
ea
tm
en
t
(T
).

Em
er
ge
nc
y
o
r
C
o
m
p
lic
at
io
n1

C
o
m
m
en
ts
2

Ph
ys
ic
al
in
ju
ry

D
:A

b
ra
si
o
ns

(s
cr
ap
es
),
co
nt
us
io
ns

(b
ru
is
es
),
co
nc
us
si
o
n,
d
is
lo
ca
ti
o
n
o
r
fr
ac
tu
re

o
f
b
o
ne
s,
la
ce
ra
ti
o
ns

(c
ut
s)
,a
nd

p
un

ct
ur
es
.

S:
D
ep
en
d
s
o
n
ty
p
e
o
f
in
ju
ry
—

m
ay

se
e
b
lo
o
d
,r
ed
uc
ed

m
o
b
ili
ty
,l
im
b
ir
re
gu
la
ri
ti
es

•
A
ni
m
al
m
ay

vo
ca
liz
e

fr
eq
ue
nt
ly
in

re
sp
o
ns
e
to

p
ai
n.

C
:D

ar
ts

•
M
ar
ki
ng

te
ch
ni
q
ue
s
•
Pr
o
lo
ng
ed

p
hy
si
ca
le
xe
rt
io
n
(f
ro
m
p
ur
su
it
o
r
re
si
st
in
g
re
st
ra
in
t)

•
Pr
o
lo
ng
ed

in
d
uc
ti
o
n
o
f
an
es
th
es
ia
•
R
o
ug
h
ha
nd

lin
g
•
Sa
m
p
le
co
lle
ct
io
n
•
Se
lf-
in
fli
ct
io
n
•
Su

rg
er
y
•

T
el
em

et
ry

d
ev
ic
es

(c
o
lla
r,
ea
r
ta
g,
im
p
la
nt
ab
le
)
•
T
ra
p
s.

P:
A
ni
m
al
ca
re

ap
p
ro
va
lo

f
ca
p
tu
re

an
d
ha
nd

lin
g
p
ro
to
co
l•

A
p
p
ro
p
ri
at
e
se
le
ct
io
n
o
f
ca
p
tu
re

m
et
ho

d
an
d

eq
ui
p
m
en
t
fo
r
ta
rg
et

sp
ec
ie
s
•
A
p
p
ro
p
ri
at
e
tr
ai
ni
ng

an
d
ex
p
er
ti
se

in
ca
p
tu
re

an
d
ha
nd

lin
g
te
ch
ni
q
ue
s
•

C
he
ck

tr
ap
s
fr
eq
ue
nt
ly
•
Pe
rf
o
rm

ca
p
tu
re

an
d
ha
nd

lin
g
p
ro
ce
d
ur
es

q
ui
ck
ly
an
d
ef
fic
ie
nt
ly
.

T
:B

as
ic
fir
st

ai
d
fo
r
m
in
o
r
in
ju
ri
es

•
V
et
er
in
ar
y
ca
re
,o

r
p
o
ss
ib
ly
hu

m
an
e
ki
lli
ng
,f
o
r
m
aj
o
r
in
ju
ri
es
.

T
he
rm

al
st
re
ss

(h
yp

er
th
er
m
ia
)

D
:I
nc
re
as
e
in
b
o
d
y
te
m
p
er
at
ur
e
to

p
o
in
t
w
he
re

o
xy
ge
n
up

ta
ke

is
in
su
ffi
ci
en
t
to

m
ee
t
ne
ed

o
f
o
xy
ge
n
fo
r

ce
llu
la
r
m
et
ab
o
lis
m
.

S:
R
is
e
in
b
o
d
y
te
m
p
er
at
ur
e
to

>
4
0
ºC

(1
0
4
ºF
)
•
R
ap
id
,s
ha
llo
w
b
re
at
hi
ng

(p
an
ti
ng
)
•
R
ap
id

he
ar
t
ra
te

•
W
ar
m
ex
tr
em

it
ie
s
•
C
o
nv
ul
si
o
ns

•
D
ea
th
.

C
:C

o
nc
ur
re
nt

d
is
ea
se

•
D
ru
g
ef
fe
ct

(i
nh

ib
it
io
n
o
f
th
er
m
o
re
gu
la
ti
o
n)

•
Ex
te
rn
al
he
at

ab
so
rp
ti
o
n
(s
o
la
r

ra
d
ia
ti
o
n)

•
Fe
ar

•
Im
p
ro
p
er

tr
ap

si
te

p
re
ve
nt
s
b
eh
av
io
ra
lt
he
rm

o
re
gu
la
ti
o
n
•
Pr
o
lo
ng
ed

p
hy
si
ca
le
xe
rt
io
n

(f
ro
m
p
ur
su
it
o
r
re
si
st
in
g
re
st
ra
in
t)
•
Sp

ec
ie
s-
sp
ec
ifi
c
fa
ct
o
rs
(m

as
s,
su
rf
ac
e-
to
-v
o
lu
m
e
ra
ti
o
,i
ns
ul
at
io
n)

•
W
ea
th
er

(h
ig
h
am

b
ie
nt

te
m
p
er
at
ur
e,
no

w
in
d
).

P:
A
vo
id

ca
p
tu
ri
ng

an
im
al
s
o
n
ho

t
d
ay
s
•
A
vo
id

p
ro
lo
ng
ed

p
ur
su
it
•
C
he
ck

tr
ap
s
fr
eq
ue
nt
ly
•
M
in
im
iz
e

st
re
ss

(c
o
ns
id
er

p
ro
vi
d
in
g
se
d
at
io
n)

•
M
o
ni
to
r
re
ct
al
te
m
p
er
at
ur
e
fr
eq
ue
nt
ly
,e
.g
.e
ve
ry

5
–
1
0
m
in
•

Pr
o
te
ct

an
im
al
s/
tr
ap
s
fr
o
m
d
ir
ec
t
ex
p
o
su
re

to
su
n
•
U
se

im
m
o
b
ili
zi
ng

d
ru
gs

w
it
h
ef
fe
ct
s
th
at

ca
n
b
e

te
rm

in
at
ed

b
y
ad
m
in
is
te
ri
ng

ap
p
ro
p
ri
at
e
an
ta
go

ni
st

d
ru
gs
.

T
:A

d
m
in
is
te
r
an
ta
go

ni
st

d
ru
g
•
A
d
m
in
is
te
r
co
ld

w
at
er

en
em

a
•
A
d
m
in
is
te
r
co
ld

la
ct
at
ed

R
in
ge
rs

b
y

in
tr
av
en
o
us

ro
ut
e
•
A
d
m
in
is
te
r
o
xy
ge
n
•
A
p
p
ly
ex
te
rn
al
co
ld
so
ur
ce
s
to

ar
ea
s
o
f
gr
ea
te
st

he
at

ex
ch
an
ge

•
Im
m
er
se

an
im
al
in

co
ld

w
at
er

•
Pr
o
vi
d
e
ad
eq
ua
te

ve
nt
ila
ti
o
n,

e.
g.
ci
rc
ul
at
e
ai
r
ar
o
un

d
an
im
al
w
it
h
a
fa
n
•

Sp
ra
y
b
o
d
y
su
rf
ac
e
w
it
h
co
ld

w
at
er
.

(c
on
ti
nu
ed
)

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
p
p
e
n
d
ix
5
.5

C
on
ti
nu
ed

Em
er
ge
nc
y
o
r
C
o
m
p
lic
at
io
n1

C
o
m
m
en
ts
2

T
he
rm

al
st
re
ss

(h
yp

o
th
er
m
ia
an
d
fr
o
st
b
it
e)

D
:D

ec
re
as
e
in
b
o
d
y
te
m
p
er
at
ur
e
to

p
o
in
t
w
he
re

ce
llu
la
r
d
ea
th

o
cc
ur
s
d
ue

to
d
ec
re
as
ed

m
et
ab
o
lis
m
an
d
/

o
r
fr
ee
zi
ng

o
f
ti
ss
ue
.

S:
D
ec
re
as
e
in
b
o
d
y
te
m
p
er
at
ur
e
to

<
3
5
ºC

(9
5
ºF
)
•
Sh

iv
er
in
g
•
C
o
ld
ex
tr
em

it
ie
s
(a
ls
o
fir
m
w
it
h
fr
o
st
b
it
e)

•
D
ul
ln
es
s
o
r
la
ck

o
f
b
eh
av
io
ra
lr
es
p
o
ns
iv
en
es
s
to

st
im
ul
i•

D
ec
re
as
ed

he
ar
t
ra
te

•
Sh

o
ck

•
C
o
m
a
•
D
ea
th
.

C
:D

ru
g
ef
fe
ct

(i
nh

ib
it
io
n
o
f
th
er
m
o
re
gu
la
ti
o
n,

d
ec
re
as
e
in
m
et
ab
o
lis
m
)
•
Im
p
ro
p
er

tr
ap

si
te

p
re
ve
nt
s

b
eh
av
io
ra
lt
he
rm

o
re
gu
la
ti
o
n
•
Lo
ss

o
f
in
su
la
ti
o
n
(p
o
o
r
b
o
d
y
co
nd

it
io
n,
w
et

fu
r)
•
Pr
o
lo
ng
ed

im
m
o
b
ili
ty

•
Pr
o
lo
ng
ed

re
st
ra
in
t
o
n
a
co
ld
su
rf
ac
e
•
Sp

ec
ie
s-
sp
ec
ifi
c
fa
ct
o
rs
(m

as
s,
su
rf
ac
e-
to
-v
o
lu
m
e
ra
ti
o
,i
ns
ul
at
io
n)

•
W
ea
th
er

(l
o
w
am

b
ie
nt

te
m
p
er
at
ur
e,
hi
gh

w
in
d
,p

re
ci
p
it
at
io
n)
.

P:
A
p
p
ly
ex
te
rn
al
he
at

so
ur
ce
s,
e.
g.
ho

t
w
at
er

b
o
tt
le
s,
w
ar
m
in
g
b
la
nk
et
s,
ch
em

ic
al
he
at

p
ac
ks

•
A
vo
id

ca
p
tu
ri
ng

an
im
al
s
o
n
co
ld

d
ay
s
•
C
he
ck

tr
ap
s
fr
eq
ue
nt
ly
•
In
su
la
te

an
im
al
s
fr
o
m
co
ld
,w

et
su
rf
ac
es

•
M
o
ni
to
r
re
ct
al
te
m
p
er
at
ur
e
fr
eq
ue
nt
ly
,e
.g
.e
ve
ry

5
–
1
0
m
in
•
Pr
o
te
ct

ex
tr
em

it
ie
s
o
f
an
es
th
et
iz
ed

an
im
al
s

fr
o
m
fr
o
st
b
it
e
•
Sh

el
te
r
an
im
al
fr
o
m
w
in
d
an
d
p
re
ci
p
it
at
io
n
•
U
se

im
m
o
b
ili
zi
ng

d
ru
gs

w
it
h
ef
fe
ct
s
th
at

ca
n

b
e
te
rm

in
at
ed

b
y
ad
m
in
is
te
ri
ng

ap
p
ro
p
ri
at
e
an
ta
go

ni
st

d
ru
gs
.

T
:A

d
m
in
is
te
r
an
ta
go

ni
st
d
ru
g
be
fo
re
an
im
al
b
ec
o
m
es

hy
p
o
th
er
m
ic
o
r
af
te
r
it
is
re
-w
ar
m
ed
,b
ut

no
t
w
he
n
it

is
hy
p
o
th
er
m
ic
•
A
d
m
in
is
te
r
w
ar
m
w
at
er

en
em

a
•
A
d
m
in
is
te
r
w
ar
m
p
hy
si
o
lo
gi
ca
ls
al
in
e
b
y
in
tr
av
en
o
us

ro
ut
e
•
A
p
p
ly
ex
te
rn
al
he
at

so
ur
ce
s,
e.
g.
ho

t
w
at
er

b
o
tt
le
s,
w
ar
m
in
g
b
la
nk
et
s,
ch
em

ic
al
he
at

p
ac
ks

•
D
ry

w
et

fu
r.

D
eh
yd

ra
ti
o
n

D
:E
xc
es
si
ve

lo
ss

o
f
b
o
d
y
w
at
er
.

S:
D
ep
en
d
s
o
n
se
ve
ri
ty

o
fd

eh
yd

ra
ti
o
n—

m
ay

se
e
d
ry
ne
ss
o
fm

o
ut
h
(i
nc
lu
d
in
g
gu
m
s)
,l
o
ss
o
fs
ki
n
el
as
ti
ci
ty
,

su
nk
en

ey
es
,f
ev
er
,w

ea
k
p
ul
se
,s
ho

ck
,c
o
m
a,
d
ea
th
.

C
:D

ec
re
as
ed

w
at
er

in
ta
ke

•
Fe
ve
r
(d
ue

to
p
re
-e
xi
st
in
g
ill
ne
ss
)
•
H
yp

er
th
er
m
ia
•
In
cr
ea
se
d
w
at
er

lo
ss

(d
ue

to
p
an
ti
ng

o
r
p
er
si
st
en
t
vo
m
it
in
g,
d
ia
rr
he
a,
ur
in
at
io
n,
o
r
b
le
ed
in
g)
.

P:
A
vo
id

tr
ap
p
in
g
o
n
ho

t
d
ay
s
•
A
vo
id

p
ro
lo
ng
ed

p
ur
su
it
•
C
he
ck

tr
ap
s
fr
eq
ue
nt
ly
•
M
in
im
iz
e
st
re
ss

(c
o
ns
id
er

p
ro
vi
d
in
g
se
d
at
io
n)

•
Pr
o
te
ct

an
im
al
s/
tr
ap
s
fr
o
m
d
ir
ec
t
ex
p
o
su
re

to
su
n.

T
:E
st
im
at
e
am

o
un

t
o
f
flu
id

lo
st

•
A
d
m
in
is
te
r
flu
id
s
(l
ac
ta
te
d
R
in
ge
r’
s
so
lu
ti
o
n
o
r
p
hy
si
o
lo
gi
ca
ls
al
in
e)

b
y

in
tr
av
en
o
us
,s
ub

cu
ta
ne
o
us
,o

r
in
tr
ap
er
it
o
ne
al
ro
ut
es
.

H
yp

o
xi
a
(h
yp

o
xe
m
ia
)

D
:D

ec
re
as
ed

av
ai
la
b
ili
ty

o
f
o
xy
ge
n
in
b
lo
o
d
(h
yp

o
xe
m
ia
)
o
r
m
o
re

ge
ne
ra
lly

in
b
o
d
y
ti
ss
ue
s
(h
yp

o
xi
a)

•
A

co
m
m
o
n
co
m
p
lic
at
io
n
o
f
an
es
th
et
iz
ed

an
im
al
s,
le
ss

lik
el
y
to

o
cc
ur

in
no

n-
an
es
th
et
iz
ed

an
im
al
s.

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



S:
La
b
o
re
d
o
r
d
iffi
cu
lt
b
re
at
hi
ng

•
B
lu
e
(c
ya
no

ti
c)

m
uc
o
us

m
em

b
ra
ne
s
•
H
em

o
gl
o
b
in

o
xy
ge
n
sa
tu
ra
ti
o
n

(m
ea
su
re
d
b
y
p
ul
se

o
xi
m
et
er
)
<
8
0
%

fo
r
m
o
re

th
an

1
m
in
•
R
ap
id
p
ul
se

•
U
nc
o
ns
ci
o
us
ne
ss

•
C
o
nv
ul
si
o
ns

•
D
ea
th
.

C
:C

o
nc
ur
re
nt

re
sp
ir
at
o
ry

d
is
ea
se

•
D
ru
g-
in
d
uc
ed

d
ep
re
ss
io
n
o
f
re
sp
ir
at
o
ry

fu
nc
ti
o
n
•
Ex
ce
ss
iv
e
p
re
ss
ur
e

ap
p
lie
d
to

th
e
th
o
ra
ci
c
ca
vi
ty

(c
he
st
)
•
O
b
st
ru
ct
io
n
o
f
ai
rw
ay
s,
in
cl
ud

in
g
no

st
ri
ls
•
R
eg
ur
gi
ta
ti
o
n
an
d

as
p
ir
at
io
n
o
f
st
o
m
ac
h
co
nt
en
t.

P:
A
d
m
in
is
tr
at
io
n
o
f
ap
p
ro
p
ri
at
e
d
ru
g
d
o
se

•
M
o
ni
to
r
m
uc
o
us

m
em

b
ra
ne

co
lo
r
an
d
he
m
o
gl
o
b
in

o
xy
ge
n

sa
tu
ra
ti
o
n
fr
eq
ue
nt
ly
,e
.g
.e
ve
ry

5
–
1
0
m
in
•
Po

si
ti
o
n
an
es
th
et
iz
ed

an
im
al
s
co
rr
ec
tl
y
•
U
se

p
ro
p
er

re
st
ra
in
t

an
d
ha
nd

lin
g
te
ch
ni
q
ue
s.

T
:A

d
m
in
is
te
r
an
ta
go

ni
st

d
ru
g
•
A
d
m
in
is
te
r
o
xy
ge
n
•
C
o
rr
ec
t
m
ec
ha
ni
sm

ca
us
in
g
hy
p
o
xi
a,
e.
g.
re
p
o
si
ti
o
n

b
o
d
y,
re
m
o
ve

p
re
ss
ur
e
fr
o
m
ch
es
t,
et
c.

A
ci
d
o
si
s

D
:D

is
tu
rb
an
ce

o
f
no

rm
al
ac
id
-b
as
e
b
al
an
ce

re
su
lt
in
g
in

a
b
lo
o
d
p
H
<
7
.3
5
.

S:
R
ap
id

b
re
at
hi
ng

•
C
o
nf
us
io
n
•
C
o
nv
ul
si
o
ns

•
C
o
m
a
•
D
ea
th
.

C
:I
nt
en
se

o
r
p
ro
lo
ng
ed

p
hy
si
ca
le
xe
rt
io
n
re
su
lt
in
g
in

ex
ce
ss
iv
e
ac
cu
m
ul
at
io
n
o
f
la
ct
ic
ac
id

(m
et
ab
o
lic

ac
id
o
si
s)

•
O
b
st
ru
ct
io
n
o
f
ai
rw
ay
s
re
su
lt
in
g
in

ex
ce
ss
iv
e
ac
cu
m
ul
at
io
n
o
f
ca
rb
o
n
d
io
xi
d
e
(r
es
p
ir
at
o
ry

ac
id
o
si
s)
.

P:
A
vo
id
p
ro
lo
ng
ed

p
ur
su
it
•
C
he
ck

tr
ap
s
fr
eq
ue
nt
ly
•
Po

si
ti
o
n
an
es
th
et
iz
ed

an
im
al
s
co
rr
ec
tl
y
•
U
se

p
ro
p
er

re
st
ra
in
t
an
d
ha
nd

lin
g
te
ch
ni
q
ue
s.

T
:F
or

m
et
ab
ol
ic
ac
id
os
is
:
A
d
m
in
is
te
r
so
d
iu
m
b
ic
ar
b
o
na
te

b
y
in
tr
av
en
o
us

ro
ut
e
in
co
nj
un

ct
io
n
w
it
h
o
th
er

flu
id
s
(p
hy
si
o
lo
gi
ca
ls
al
in
e
o
r
d
ex
tr
o
se
).
Fo
r
re
sp
ir
at
or
y
ac
id
os
is
:A

ss
is
t
re
sp
ir
at
io
n
b
y
ar
ti
fic
ia
lv
en
ti
la
ti
o
n
•

Es
ta
b
lis
h
o
p
en

ai
rw
ay
s
•
R
e-
p
o
si
ti
o
n
an
es
th
et
iz
ed

an
im
al
co
rr
ec
tl
y.

R
eg
ur
gi
ta
ti
o
n/
vo
m
it
in
g
an
d
as
p
ir
at
io
n

D
:P
as
si
ve

flo
w
(r
eg
ur
gi
ta
ti
o
n)

o
r
fo
rc
ef
ul
ej
ec
ti
o
n
(v
o
m
it
in
g)

o
f
st
o
m
ac
h
co
nt
en
t
in
to

th
e
m
o
ut
h
fo
llo
w
ed

b
y
in
ha
la
ti
o
n
o
f
re
gu
rg
it
at
ed

m
at
er
ia
li
nt
o
th
e
ai
rw
ay
s
(a
sp
ir
at
io
n)
.

S:
Pr
es
en
ce

o
f
st
o
m
ac
h
co
nt
en
ts
in
no

st
ri
ls
o
r
m
o
ut
h
•
R
es
p
ir
at
o
ry

d
is
tr
es
s
(g
ag
gi
ng
,r
et
ch
in
g,
gu
rg
lin
g)

•
Fe
ve
r
•
D
ea
th
.

C
:D

ru
g-
in
d
uc
ed

re
la
xa
ti
o
n
o
f
st
o
m
ac
h
sp
hi
nc
te
r
•
Im
p
ro
p
er

re
st
ra
in
t,
ha
nd

lin
g,
o
r
p
o
si
ti
o
ni
ng

•
R
ec
en
t

fe
ed
in
g
fo
llo
w
ed

b
y
in
te
ns
e
ex
er
ti
o
n
•
St
re
ss
.

P:
A
vo
id
p
ur
su
in
g
fe
ed
in
g
an
im
al
s
•
M
in
im
iz
e
st
re
ss

•
Po

si
ti
o
n
an
es
th
et
iz
ed

an
im
al
s
co
rr
ec
tl
y
•
U
se

p
ro
p
er

re
st
ra
in
t
an
d
ha
nd

lin
g
te
ch
ni
q
ue
s.

T
:A

vo
id

p
ro
lo
ng
ed

im
m
o
b
ili
za
ti
o
n
w
it
h
an
im
al
ly
in
g
o
n
it
s
si
d
e
•
Q
ui
ck
ly
cl
ea
r
m
o
ut
h
an
d
ai
rw
ay

o
f

re
gu
rg
it
at
ed

o
r
vo
m
it
ed

m
at
er
ia
l•

If
as
p
ir
at
io
n
ha
s
o
cc
ur
re
d
,s
ee
k
ve
te
ri
na
ry

as
si
st
an
ce

o
r
co
ns
id
er

hu
m
an
e
ki
lli
ng
.

(c
on
ti
nu
ed
)

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



A
p
p
e
n
d
ix
5
.5

C
on
ti
nu
ed

Em
er
ge
nc
y
o
r
C
o
m
p
lic
at
io
n1

C
o
m
m
en
ts
2

Sh
o
ck

D
:F
ai
lu
re

o
f
b
lo
o
d
ci
rc
ul
at
io
n
re
su
lt
in
g
in
in
ef
fe
ct
iv
e
p
er
fu
si
o
n
o
f
ti
ss
ue
s.

S:
R
ap
id
he
ar
t
ra
te

•
Lo
w
b
lo
o
d
p
re
ss
ur
e
(c
ap
ill
ar
y
re
fil
lt
im
e
>
2
s)
•
Sh

al
lo
w
,r
ap
id
b
re
at
hi
ng

•
B
lu
is
h
p
al
e

m
uc
o
us

m
em

b
ra
ne
s.

C
:C

o
nc
ur
re
nt

ill
ne
ss

•
Pr
o
lo
ng
ed

p
hy
si
ca
le
xe
rt
io
n
•
Pr
o
lo
ng
ed

st
re
ss

•
Se
ve
re

b
lo
o
d
lo
ss
.

P:
A
vo
id

p
ro
lo
ng
ed

p
ur
su
it
•
C
he
ck

tr
ap
s
fr
eq
ue
nt
ly
•
M
in
im
iz
e
st
re
ss

(c
o
ns
id
er

p
ro
vi
d
in
g
se
d
at
io
n)

•
M
o
ni
to
r
ca
rd
io
va
sc
ul
ar

fu
nc
ti
o
n
(h
ea
rt
ra
te
,p

ul
se
,c
ap
ill
ar
y
re
fil
lt
im
e,
m
uc
o
us

m
em

b
ra
ne

co
lo
r,
an
d

he
m
o
gl
o
b
in
o
xy
ge
n
sa
tu
ra
ti
o
n)

fr
eq
ue
nt
ly
,e
.g
.e
ve
ry

5
–
1
0
m
in
.

T
:A

d
m
in
is
te
r
an
ta
go

ni
st

d
ru
g
•
A
d
m
in
is
te
r
co
rt
ic
o
st
er
o
id
s
(d
ex
am

et
ha
so
ne
)
in
tr
av
en
o
us
ly
•
A
d
m
in
is
te
r

flu
id
s
(l
ac
ta
te
d
R
in
ge
r’
s
so
lu
ti
o
n
o
r
p
hy
si
o
lo
gi
ca
ls
al
in
e)

in
tr
av
en
o
us
ly
to

in
cr
ea
se

b
lo
o
d
vo
lu
m
e
an
d
b
lo
o
d

p
re
ss
ur
e
•
M
ai
nt
ai
n
an

o
p
en

ai
rw
ay

an
d
p
ro
vi
d
e
o
xy
ge
n
•
M
o
ni
to
r
re
ct
al
te
m
p
er
at
ur
e
an
d
ke
ep

an
im
al

w
ar
m
.

Se
iz
ur
es
/c
o
nv
ul
si
o
ns

D
:D

is
tu
rb
an
ce

o
f
b
ra
in
fu
nc
ti
o
n
ch
ar
ac
te
ri
ze
d
b
y
in
vo
lu
nt
ar
y,
vi
o
le
nt

co
nt
ra
ct
io
ns

o
f
sk
el
et
al
m
us
cl
es
.

S:
R
ig
id

ex
te
ns
io
n
o
f
th
e
lim

b
s
•
U
nc
o
nt
ro
lle
d
m
us
cl
e
sp
as
m
s
(m

ay
b
e
fo
ca
lo

r
in
vo
lv
e
w
ho

le
b
o
d
y)

•
In
cr
ea
si
ng

b
o
d
y
te
m
p
er
at
ur
e
(a
ss
o
ci
at
ed

w
it
h
in
te
ns
e
m
us
cu
la
r
co
nt
ra
ct
io
ns
).

C
:D

ru
g-
in
d
uc
ed

ef
fe
ct
,e
.g
.s
id
e-
ef
fe
ct

o
f
ke
ta
m
in
e
•
H
yp

er
th
er
m
ia
•
M
et
ab
o
lic

d
is
tu
rb
an
ce
s
in
ci
te
d
b
y

ca
p
tu
re

an
d
st
re
ss
,e
.g
.h
yp

o
ca
lc
em

ia
(l
o
w
b
lo
o
d
ca
lc
iu
m
),
hy
p
o
gl
yc
em

ia
(l
o
w
b
lo
o
d
gl
uc
o
se
)
•
T
ra
um

a.
P:

A
d
m
in
is
tr
at
io
n
o
f
ap
p
ro
p
ri
at
e
d
ru
gs

at
ap
p
ro
p
ri
at
e
d
o
se
s
•
A
p
p
ly
sa
m
e
m
ea
su
re
s
as

ta
ke
n
to

p
re
ve
nt

hy
p
er
th
er
m
ia
.

T
:A

d
m
in
is
te
r
b
en
zo
d
ia
ze
p
in
e
se
d
at
iv
e
(d
ia
ze
p
am

o
r
m
id
az
o
la
m
)
in
tr
av
en
o
us
ly
sl
o
w
ly
•
M
o
ni
to
r
re
ct
al

te
m
p
er
at
ur
e
an
d
ta
ke

ap
p
ro
p
ri
at
e
st
ep
s
to

p
re
ve
nt

hy
p
er
th
er
m
ia
.

R
es
p
ir
at
o
ry

ar
re
st

D
:C

es
sa
ti
o
n
o
f
b
re
at
hi
ng
.

S:
Sl
o
w
,s
ha
llo
w
b
re
at
hi
ng

o
r
ce
ss
at
io
n
o
f
b
re
at
hi
ng

•
B
lu
e
(c
ya
no

ti
c)

m
uc
o
us

m
em

b
ra
ne
s
•
H
em

o
gl
o
b
in

o
xy
ge
n
sa
tu
ra
ti
o
n
(m

ea
su
re
d
b
y
p
ul
se

o
xi
m
et
er
)
<
8
0
%

fo
r
m
o
re

th
an

1
m
in

o
r
d
o
w
nw

ar
d
tr
en
d
in

sa
tu
ra
ti
o
n
va
lu
es

•
R
ap
id

p
ul
se

•
U
nc
o
ns
ci
o
us
ne
ss

•
C
o
nv
ul
si
o
ns

•
D
ea
th
.

C
:D

ru
g-
in
d
uc
ed

d
ep
re
ss
io
n
o
f
re
sp
ir
at
o
ry

fu
nc
ti
o
n
(p
o
ss
ib
ly
as

a
re
su
lt
o
f
a
se
ve
re

o
ve
rd
o
se
)
•
Ex
ce
ss
iv
e

p
re
ss
ur
e
ap
p
lie
d
to

th
e
th
o
ra
ci
c
ca
vi
ty

(c
he
st
)
•
O
b
st
ru
ct
io
n
o
f
ai
rw
ay
s,
in
cl
ud

in
g
no

st
ri
ls
.

P:
A
d
m
in
is
tr
at
io
n
o
f
ap
p
ro
p
ri
at
e
d
ru
g
d
o
se

•
M
o
ni
to
r
re
sp
ir
at
o
ry

fu
nc
ti
o
n
(r
es
p
ir
at
o
ry

ra
te

an
d
d
ep
th
,

re
sp
ir
at
o
ry

so
un

d
s,
m
uc
o
us

m
em

b
ra
ne

co
lo
r,
an
d
he
m
o
gl
o
b
in
o
xy
ge
n
sa
tu
ra
ti
o
n)

fr
eq
ue
nt
ly
,e
.g
.e
ve
ry

5
–

1
0
m
in

•
Po

si
ti
o
n
an
es
th
et
iz
ed

an
im
al
s
co
rr
ec
tl
y
•
U
se

p
ro
p
er

re
st
ra
in
t
an
d
ha
nd

lin
g
te
ch
ni
q
ue
s.

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



T
:A

d
m
in
is
te
r
an
ta
go

ni
st
d
ru
g
•
Es
ta
b
lis
h
o
p
en

ai
rw
ay

•
Pr
o
vi
d
e
ar
ti
fic
ia
lv
en
ti
la
ti
o
n
•
A
d
m
in
is
te
r
o
xy
ge
n
•

A
d
m
in
is
te
r
d
o
xa
p
ra
m
in
tr
av
en
o
us
ly
.

C
ar
d
ia
c
ar
re
st

D
:L
o
ss

o
f
ef
fe
ct
iv
e
he
ar
t
fu
nc
ti
o
n.

S:
In
cr
ea
se
d
re
sp
ir
at
o
ry

ra
te

o
r
ce
ss
at
io
n
o
fb

re
at
hi
ng

•
W
ea
k
o
r
ab
se
nt

he
ar
t
so
un

d
s
o
r
p
ul
se

•
Lo
w
b
lo
o
d

p
re
ss
ur
e
(c
ap
ill
ar
y
re
fil
lt
im
e
>
2
s)

•
B
lu
e
(c
ya
no

ti
c)

m
uc
o
us

m
em

b
ra
ne
s
•
D
ila
te
d
p
up

ils
•
C
o
ld

sk
in
•

U
nc
o
ns
ci
o
us
ne
ss

•
D
ea
th
.

C
:A

ci
d
-b
as
e
im
b
al
an
ce

•
D
ru
g-
in
d
uc
ed

d
ep
re
ss
io
n
o
f
ca
rd
io
va
sc
ul
ar

fu
nc
ti
o
n
•
El
ec
tr
o
ly
te

im
b
al
an
ce

•
H
yp

o
th
er
m
ia
•
R
es
p
ir
at
o
ry

ar
re
st
.

P:
A
d
m
in
is
tr
at
io
n
o
f
ap
p
ro
p
ri
at
e
d
ru
g
d
o
se

•
A
vo
id
p
ro
lo
ng
ed

p
ur
su
it
•
C
he
ck

tr
ap
s
fr
eq
ue
nt
ly
•
M
in
im
iz
e

st
re
ss

(c
o
ns
id
er

p
ro
vi
d
in
g
se
d
at
io
n)

•
M
o
ni
to
r
ca
rd
io
va
sc
ul
ar

fu
nc
ti
o
n
(h
ea
rt
ra
te
,p

ul
se
,c
ap
ill
ar
y
re
fil
l

ti
m
e,
m
uc
o
us

m
em

b
ra
ne

co
lo
r,
an
d
he
m
o
gl
o
b
in

o
xy
ge
n
sa
tu
ra
ti
o
n)
.f
re
q
ue
nt
ly
,e
.g
.e
ve
ry

5
–
1
0
m
in
.

T
:E
ns
ur
e
an
im
al
is
b
re
at
hi
ng

an
d
,i
f
no

t,
es
ta
b
lis
h
o
p
en

ai
rw
ay

an
d
p
ro
vi
d
e
ar
ti
fic
ia
lv
en
ti
la
ti
o
n
•
Ex
te
rn
al

ca
rd
ia
c
m
as
sa
ge

(6
0
–
1
0
0
cy
cl
es

p
er

m
in
)
•
A
d
m
in
is
te
r
ep
in
ep
hr
in
e
in
tr
av
en
o
us
ly
.

Ex
er
ti
o
na
lm

yo
p
at
hy

(c
ap
tu
re

m
yo

p
at
hy
)

D
:A

no
ni
nf
ec
ti
o
us

d
is
ea
se

ch
ar
ac
te
ri
ze
d
b
y
d
eg
en
er
at
iv
e
o
r
ne
cr
o
ti
zi
ng

d
am

ag
e
to

sk
el
et
al
an
d
ca
rd
ia
c

m
us
cl
es
.

S:
W
ea
kn
es
s
an
d
lo
ss

o
f
m
us
cl
e
co
o
rd
in
at
io
n
•
H
yp

er
th
er
m
ia
•
R
ap
id

b
re
at
hi
ng

•
R
ap
id

he
ar
t
ra
te

•
D
ar
k,

b
ro
w
ni
sh

ur
in
e
(m

yo
gl
o
b
in
ur
ia
)
•
Su

d
d
en

d
ea
th

•
D
el
ay
ed

d
ea
th

o
cc
ur
ri
ng

d
ay
s
o
r
w
ee
ks

fo
llo
w
in
g

ca
p
tu
re
.

C
:P

ro
lo
ng
ed

p
hy
si
ca
le
xe
rt
io
n
•
Pr
o
lo
ng
ed

st
re
ss
.

P:
A
vo
id
p
ro
lo
ng
ed

p
ur
su
it
•
C
he
ck

tr
ap
s
fr
eq
ue
nt
ly
•
M
in
im
iz
e
st
re
ss

(c
o
ns
id
er

p
ro
vi
d
in
g
se
d
at
io
n)

•
U
se

d
ru
gs

th
at

in
d
uc
e
m
us
cl
e
re
la
xa
ti
o
n.

T
:A

d
m
in
is
tr
at
io
n
o
f
so
d
iu
m
b
ic
ar
b
o
na
te

an
d
flu
id
s
in
tr
av
en
o
us
ly
is
so
m
et
im
es

re
co
m
m
en
d
ed
,b

ut
tr
ea
tm

en
t
is
o
ft
en

un
su
cc
es
sf
ul
.

1
T
he

lik
el
ih
oo
d
of
so
m
e
em

er
ge
nc
ie
s
oc
cu
rr
in
g
m
ay

be
de
te
rm
in
ed

in
pa
rt
by

th
e
m
et
ho
d
of
ca
pt
ur
e.
Fo
r
ex
am

pl
e,
hy
po
xi
a
or
as
pi
ra
ti
on

of
st
om

ac
h
co
nt
en
t
is
m
uc
h
m
or
e
lik
el
y
to
oc
cu
r

in
an
es
th
et
iz
ed

an
im
al
s
th
an

tr
ap
pe
d
an
im
al
s.

2
So
ur
ce
s:
N
ie
ls
en

(1
9
9
9
),
C
at
te
t
et

al
.(
2
0
0
5
),
K
re
eg
er
an
d
A
rn
em

o
(2
0
0
7
),
an
d
Fo
w
le
r
(2
0
0
8
).

OUP CORRECTED PROOF – FINAL, 17/12/2011, SPi



Appendix 5.6 Acceptable methods used to humanely kill wild carnivores.

Method Comments1

Gunshot Can be used to kill captive, restrained, anesthetized, or free-ranging
carnivores.
Shooter must be able to make a clean killing shot, using the appropriate
firearm and ammunition.
Personnel should stand behind the shooter and away from the animal.
Large, heavy, slow-moving bullets (e.g. shotgun slugs) are more effective
and safer than high-power rifle bullets.
Captive, restrained, and anesthetized animals should be shot in the brain,
either from the front or side, or in the neck through the vertebral column if
the brain needs to be preserved for disease diagnoses, e.g. rabies.
For accurate bullet placement, preferable to place the barrel of the gun
right on and perpendicular to the skull or neck.
For human safety, best location for shooting free-ranging animals is the
heart/lung region, rather than the head.
Remove lead-contaminated carcasses or body parts from sites where
consumption by scavengers can lead to secondary lead toxicity.

Penetrating captive
bolt

Can be used to kill anesthetized carnivores.
Less risk of injury to bystanders and nearby animals than gunshot.
Safe use requires full immobilization of the animal’s head, accurate
placement of the captive bolt against the skull, equipment that is in good
working order, and administration by fully trained personnel.
Animals should be exsanguinated (bled out) after the use of a penetrating
captive bolt to ensure death.
Non-penetrating captive bolts are not recommended for humane killing.

Exsanguination
(bleeding to death)

Acceptable only if animal has been rendered unconscious by drugs or
stunning.
Can be done quickly and effectively by severing the major arteries leading
from the heart by inserting a long-bladed knife into the junction of the
base of the neck and shoulder and slicing inwards and downward.
Severing of the jugular or femoral veins may also be effective, but will take
longer because of slower blood flow.
Placing body on incline with head downward may help improve blood flow.

T-61 Can be used to kill anesthetized carnivores.
Must be administered intravenously.
Mixture of three drugs: embutramide (a general anesthetic), mebezonium
iodide (neuromuscular blocker), and tetracaine hydrochloride (a local
anesthetic).
Not available in all countries, including the United States.

Barbiturates Can be used to kill anesthetized carnivores.
Several euthanasia products contain a barbituric acid derivative (usually
sodium pentobarbital) often mixed with local anesthetic agents.
Should be administered intravenously, but may also be administered by
intraperitoneal or intrathoracic injection in small- to medium-sized
carnivores (<50 kg).
These drugs are controlled substances in many countries.
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Method Comments1

Effective volume needed to euthanize large carnivores (>150 kg) can be
high (>50 ml).
Animals killed with any barbiturate must be incinerated or buried because
of potential secondary toxicity to potential scavengers.

Potassium chloride Can be used to kill deeply anesthetized carnivores.
Must be administered intravenously quickly.
Kills by increasing concentration of circulating potassium in the blood
which directly influences the electrical activity of the heart resulting in
cardiac arrest.
Potassium chloride solution is made by adding 300 mg potassium
chloride per ml of water (tap or distilled) and shaking vigorously prior to
injection.
Administer at a dosage of at least 50 mg per kg body weight.

1 Sources: AAZV (2006), Kreeger and Arnemo (2007), and AVMA (2007).
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6
Carnivores in hand

Kerry R. Foresman

A wealth of information can be collected from an animal in hand, whether it is alive
or dead. A particular scientific study may have a specific focus, yet a little time
spent obtaining a broader array of information while an animal is “in hand” will
be helpful in the future for developing a better understanding of the species. This
chapter outlines the most important information to collect and provides the best
methods for its collection. A researcher can then develop a database for each
carnivore species and the information will be widely useful. Each section of the
chapter first discusses information available from a living specimen and then notes
additional information that might only be available from a carcass. Table 6.1
summarizes all potential information. The chapter includes numerous, but not
exhaustive, examples from published literature. Most important is to collect
standard demographic and morphological information.

6.1 Aging

Age of an animal is critical for demographic studies. The variety of morphological
changes that occur as a carnivore ages can be used to estimate age. Themorphological
changes can be grouped into several broad categories: changes in body measure-
ments, dental changes, skull and skeletal changes, and some specialized changes such
as eye-lens composition. Knowledge of these age-related changes from known-aged
specimens is required, and since nutrition, stress, and disease can influence growth,
knowledge about these variables from known populations is helpful.

When carnivores are not aged in calendar ages (months, years), two, and some-
times three, broad age categories are appropriate: juvenile, adult, and sometimes
yearling (e.g. North American otters, Lontra canadensis, Hamilton and Eadie 1964).
For all aging, define terms clearly. For example, the term “subadult” is commonly
used, but usually inappropriately. This term correctly refers to an individual who
has begun to exhibit many adult characteristics but is still sexually immature.
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Table 6.1 Data to be collected from an animal “in hand.”

Animals Handled Alive Additional Information from a Carcass

Standard body measurements:

Weight Skull

Length measurements: Greatest length

Total length Condylobasal length

Body length Zygomatic breadth

Tail length Palatal length

Hind foot length, width Canine length

Ear length Rostral proportions

Snout-to-vent length Maxillary breadth

Axillary girth Interorbital breadth

Neck circumference Postglenoid length

Head length Length of Maxillary toothrow

Shoulder height Palatal breadth

Width and length of front and hind feet Basilar length

Nipple size (width + length) Diameter of auditory bullae

Muzzle girth Height of skull

Abdominal girth Fusion of cranial sutures (degree)

Dental characteristics Skeleton

Tooth eruption timing Degree of ossification of long bones

Tooth wear patterns Baculum length and morphology

Breakage of teeth
Canine length and diameter Tissue samples

Radiograph of teeth for ratio of between Eye-lens weight
pulp cavity and overall teeth width

Tooth extraction for sectioning—age Eye-lens protein composition
determination

Reproductive status

Sex identification # placental scars (R and L)

Testicular size: length x width, scrotal # corpora lutea in ovary (R and L)
vs. non-scrotal

Vulval morphology—coloration and
degree of swelling—height and width

Nipple size—length and width

Indication of Past Injuries
Swelling Broken long bones, ribs, digits

Broken and/or deformed limbs Bruising
Pelage characteristics:

Length of hair and general condition of
coat

Coloration patterns—spotting and
distinctive patterns

(continued)
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6.2 Standard body measurements

Body proportions can be used to estimate the age of an animal, show sexual size
dimorphism, and may indicate general health and relationships between popula-
tions, and taxonomic distinctions. A suite of standard measurements is used for
carnivores, with some used only for select species. Since age and sex affect body
size, age and sex, if known, should be recorded with the measurements. Both intra-
and interobserver errors are common; each investigator should validate the accu-
racy of his or her techniques with replicate measurements (Blackwell et al. 2006).
Errors associated with external measurements are more pronounced than for skull
measurements, an important factor to consider, especially related to studies on
asymmetry (Eason et al. 1996; Blackwell et al. 2006).

Take standardized measurements. When possible, measure both sides of an
animal’s body (i.e. both its right and left ear). Develop and maintain databases of
this standard information (e.g. deWaal et al. 2004; African Large Predator Research
Unit, University of the Free State, Bloemfontein, South Africa; polar bears, Ursus
maritimus, United States Fish and Wildlife Service, Alaska Region 2008).

Models of growth have been developed for several carnivores using a comb-
ination of the standard measurements (e.g. polar bears, Stirling et al. 1977;
Durner and Amstrup 1996; black bears, Ursus americanus, Bridges et al. 2002;
wolves, Canis lupus, Mech 2006; brown bears, Ursus arctos, Swenson et al.
2007) and growth rates are available from captive raised individuals (brown
bears, Tumanov 1998; Canada lynx, Lynx canadensis, Naidenko 2006). Since
diet directly influences growth rates, data from captive animals must be specified
as such. Statistical models describe body mass as a non-linear function of age
(Swenson et al. 2007).

Table 6.1 Continued

Animals Handled Alive Additional Information from a Carcass

Standard body measurements:

Physiological parameters

Blood sample (whole blood, serum and Additional tissue samples
plasma)

Tissue samples Bone marrow index

Hair samples for DNA analyses

General:

Detailed photographic portfolio Detailed photographic portfolio
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6.2.1 Body mass

Most small carnivores can be weighed with spring scales (e.g. Pesola®), which are
available for weights from a few grams (with an accuracy of 0.1 g) to 50 kg (with
500-g subdivisions). Large carnivores (e.g. bears, Ursus spp., tigers, Panthera tigris)
can be weighed using a weighing tripod and available spring or electronic load
scales (Figure 6.1). An animal’s age, sex, nutritional condition, and season influ-
ence body mass (weight), and some carnivores can consume a large amount of food
in one meal. Nonetheless, an animal’s body weight combined with length is
sometimes used as a crude index of the animal’s condition. Although a large
database exists for most species, recent studies question their validity (Huot et al.
1995; Winstanley et al. 1999; Pitt et al. 2006). Bioelectrical impedance appears to
be a more accurate index.

6.2.2 Length measurements

Use a Vernier caliper (for small species), metal tape measure (for small measure-
ments where rigidity is required), or cloth tape measure (for long body

Fig. 6.1 Tripod mounted scale for weighing a brown bear (Pat Owen, NPS, Denali Park
and Preserve).
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(a)

(b)

(c)

Fig. 6.2 Photos showing measurements on short-tailed weasel (Mustela erminea):
(a) total length (to distal end of tail vertebrae, arrow); (b) body length (to base of
tail, arrow), (c) tail length (to distal end of tail vertebrae, arrow), (d) hind foot
length (from heel to tip of longest digit plus claw), (e) ear length (with ruler placed
in notch of ear).
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measurements where body contours must be followed) to take the following
measurements to the nearest mm (to the nearest cm in the largest species; Figure
6.2a–e). Take these measurements in the same manner on anesthetized and dead
animals.

• Total length (TL)—Measure from the tip of the nose to the tip of the last
caudal vertebra, following the animal’s contours, with the animal recumbent.
This measurement is easy with small species (e.g. weasels, Mustela spp.). Lay
a small- to medium-sized animal on its back to straighten the curvature of
the spine. Lay a large carnivore (e.g. African lion, Panthera leo; bear) on its
stomach and draw a cloth tape measure from the tip of the nose along
the body contours from between the eyes, along the midline of the vertebrae
to the tip of the last caudal vertebra.

• Body length (BL)—Measure from tip of the nose to base of the tail at the notch
of sacrum with the animal lying recumbent on its back or stomach as with
total length.

• Tail length (TaL)—Measure from base of the tail at the rump to tip of the last
caudal vertebra.

• Hind foot length (HF)—Measure from end of the heal bone to tip of the
longest digit, not including the claw (some researchers include the claw in this
measurement but doing so imparts added variation since claws can become
worn).

• Ear length (E)—Measure from notch of the ear opening to tip of the pinna
(excluding hair).

• Snout-to-vent length (SV)—Measured from tip of nose to anterior edge of
anus.

(d)
(e)

Fig. 6.2 Continued
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6.2.3 Additional body measurements

• Axillary girth –Measure circumference around the chest at the level of the axilla
(Figure 6.3). This measurement is strongly correlated with body mass and has
been used to estimate weights of some large carnivores when weighing is not
possible (e.g. mountain lion, Puma concolor, Durner and Amstrup 1996;
Charlton et al. 1998; cheetah, Acinonyx jubatus, Marker and Dickman
2003).Use axillary girth to estimate weight only when a large sample of weights
and girths exists for the population under study. Even if a population-specific
ratio can be used, compare observed and estimated body masses periodically to
check for changes over time in the ratio (Cattet and Obbard 2005).

• Neck circumference—Measure around the smallest portion of the neck.
• Head circumference—Measure around the largest portion of the head (com-
monly across the zygomatic arches).

• Head breadth—Measure at the maximum width at the level of the zygomatic
arches (use calipers). For many carnivores, this measurement correlates better
with age of an individual than does body length (e.g. polar bears, Derocher
and Stirling 1998; banded mongooses, Mungos mungo, Otali and Gilchrist
2004).

Fig. 6.3 Girth measurement of bear (note animal is also on oxygen; photo by Rick Mace).
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• Head length—Measured from the upper middle incisors to the posterior most
projection of the skull on the occipital bones, possibly to the end of a well-
developed sagittal crest.

• Shoulder height—Measure from the heel of the front foot to the top of the
shoulder blade along the contour of the leg. Lay the animal on its side to make
this measurement (de Waal et al. 2004 noted inaccuracies).

• Width and length of front and hind feet—Commonly made on ursids and large
felids but even large mustelids. Do not include claws in this length
measurement.

6.2.4 Additional measurements, some to estimate age

• Nipple size—Combine width + length of the largest nipple (usually inguinal).
Measure to the nearest mm. This measurement can often be used to distin-
guish yearlings from animals in older age classes (e.g. wolverines, Gulo gulo,
Magoun 1985; wolves, McNay et al. 2006).

• Muzzle girth, girth of abdomen, total length of foreleg, total length of hind leg, foot
width—Commonly collected on cheetahs (Marker and Dickman 2003), but
potentially useful for many other carnivores.

• Ear length and hair length combined—These measurements, in a mixed
regression model, can index age of black bear cubs up to approximately 70
days (Bridges et al. 2002).

• Pelt length—Measure from tip of nose to base of tail to the nearest cm (Quinn
and Gardner 1984; Slough 1996). Take this measurement from pelts that
have been stretched and dried. This measurement in used to separate kits
from yearling and adult Canada lynxes in population age ratios.

6.2.5 Footpad patterns

Photograph and make prints of footpad patterns. These appear to identify indivi-
duals (Herzog et al. 2007). Place an animal’s foot on an inked pad and print the
pad onto white paper: place the animal’s foot on a sooted plate and then press it on
to contact clear paper to make a clear print, then mount the contact paper on white
paper (Figure 6.4).

6.3 Tooth eruption and measurements

The only standard measurement recorded for carnivores during handling is canine
length. Canine width and breadth are sometimes measured and, only occasionally,
carnassial length.
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• Canine length—Using calipers, measure from the tip of each canine to the
gum line. Record canine identification (upper, lower; left, right).

• Canine width—Using calipers, measure each canine from medial to labial at
the gum line. Record canine identification.

• Canine breadth—Using calipers, measure each canine from front to back at
the gum line. Record canine identification.

• Carnassial length—Using calipers, measure each carnassial from front to back
at the gum line. Record carnassial identification.

6.3.1 Tooth eruption, wear, and age

For many carnivore species, the schedule of tooth eruption and replacement from
known-aged animals allows estimates of the ages of young individuals (e.g. Canada
lynx, Saunders 1964; red fox, Vulpes vulpes, Linhart 1968; brown bear, Rausch
1969; coyote, Canis latrans, Silver and Silver 1969; African lion, Smuts et al. 1978;
bobcat, Lynx rufus, Jackson et al. 1988; fisher, Martes pennanti, Powell 1993b;
spotted hyaena, Crocuta crocuta, van Horn et al. 2003). The timing of tooth

(a) (b)

Fig. 6.4 (a) Capturing the footpad structure of an American marten using a sooted plate
and contact paper and (b) foot impression.
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eruption and replacement is largely invariant (e.g. polar bear, Hensel and Sorenson
1980), though nutritional condition and disease can affect it.

Patterns of tooth wear patterns, though historically measured, vary tremen-
dously depending on diet (e.g. raccoon, Procyon lotor, Grau et al. 1970; European
badger, Meles meles, Harris et al. 1992; leopard, Panthera pardus, Stander 1997;
wolf, Gipson et al. 2000; spotted hyaena, van Horn et al. 2003). Carnivores that
eat a lot of fruit, such as American martens (Martes americana, Weckwerth and
Hawley 1962), have less tooth wear than individuals of the same species that eat
more abrasive foods. One can index age with tooth wear by comparing wear, to
wear on teeth of known-age animals from the same population. Dental casts from
living animals also provide detail for analyzing tooth eruption and tooth wear
(Anderson 1986; Young and Marty 1986; Malcolm 1992; Rasmussen et al. 2005).

6.3.2 Pulp cavity measurements and age

Another method, often quick and efficient, used to place individuals into broad age
categories (juvenile, yearling, or adult) is to measure the size of the pulp cavity,
particularly in canine teeth. As an individual ages, the pulp cavity reduces in size
(Figure 6.5; e.g. American badger, Taxidea taxus; striped skunk,Mephitis mephitis,
Fredrickson 1983; coyote, Knowlton and Whittemore 2001).

From an X-ray, from a sectioned tooth or from a ground tooth, measure the
maximum width of the pulp cavity and maximum width of a healthy, upper
canine and calculate the ratio. Upper and lower canines from the same individual
have different ratios, and in some species the upper canine appears most reliable.

Fig. 6.5 Radiograph of canine teeth of fisher. Notice shrinkage of pulp cavity with age.
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The ratios in females are smaller sometimes than those in males of the same age
(Knowlton and Whittemore 2001). Pulp cavity ratios are also an effective way to
separate the juvenile cohort quickly and inexpensively in a large sample of teeth to
be analyzed using cementum analysis.

6.3.3 Cementum annuli and age

The most precise method for aging carnivores is to section and stain teeth
histologically to analyze the layering pattern of the cementum (called “cementum
annuli”). In carnivores, annual cementum growth exhibits seasonal variation in
density and composition, a phenomenon that is most pronounced in more
northern latitudes. Cementum developing in the winter stains darkly, while the
cementum that grows during the spring and summer stains lightly (Figure 6.6).

Scheffer (1950) first reported this growth pattern and others, such as the Matson
Laboratory (Matson 1981), have refined the technique and developed a database of
carnivore material providing accurate and precise estimates for many carnivores of
many species. For standardization (different tooth types deposit cementum differ-
ently), and for the welfare of the animal (so as not to compromise its ability to
forage), specific teeth are used for specific species. To alleviate discomfort, teeth
should be extracted under one of two regimes. One regime is to use a local analgesia
(e.g. Lidocaine), with the additional administration of a longer acting analgesic in
conjunction with a broad-spectrum antibiotic (e.g. Ketoprofen and Baytril; Beasley
and Rhodes 2007). The other regime is for carnivores that have been live-trapped,
which are routinely anesthetized with drugs such as ketamine and xylazine, which
themselves possess strong analgesic properties; teeth can be pulled as part of routine
handling (Mansfield et al. 2006).

For carnivores, the most common tooth taken is the first upper or lower
premolar (PM1), a tooth that is often vestigial. In mountain lions (Puma concolor),
the second upper premolar is preferred (UPM2), while in Canada lynxes and
bobcats, a lateral incisor is chosen, since there is no PM1 or PM2. From carcasses,
chose the lower canine, since it is large and easily sectioned and aged. Remove the
tooth by carefully grasping it with forceps and gently loosening it; insert a dental
elevator between the tooth and the gum to loosen the connective tissue around the
entire circumference of the tooth, which can then be extracted with a tooth
elevator. Take care not to break the root tip. Place the tooth in its own labeled,
paper envelop. Simply let the tooth air dry in a cool, dry environment. Teeth stored
for an extended time before sectioning should be frozen in a standard, manual
defrost freezer. Do nothing more.

For some carnivores, such as American badgers, fishers, red foxes, and Canada
lynxes, aging from cementum annuli is highly accurate (95%); for others, such as
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mountain lions and sea otters (Enhydra lutris), accuracy is low (70–75%); while
for most carnivores, accuracy is intermediate (Costello et al. 2004). Accuracy
is closely associated with the experience of the reader. To age one’s own samples,
develop a collection of known-age specimens for comparison (Calvert and Ramsay
1998).

(a)

(b)

Fig. 6.6 (a) In ursids, pull the upper first premolar for aging (photo—Ben Jimenez); (b)
representative tooth section from a black bear illustrating cementum growth rings (from
Gary Matson).
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6.4 Skull and skeletal measurements

Skull and skeletal materials can provide considerable information related to age of
an animal and its general health. Standard measurements are used to determine
species and sex for carnivores that exhibit sexual dimorphism, and to assess long-
term quality and abundance of food, and long-term stress. Some populations,
however, exhibit significant morphological variation and ursids grow throughout
their lives (Rausch 1953, 1963), so researchers need to use these measurements
carefully. Standardly, these measurements are taken from dead animals but mea-
surements on living animals in the field are now possible using portable X-ray
equipment (Schillaci et al. 2001).

6.4.1 Skull measurements

Standard skull measurements are usually taken from cleaned material (Figure 6.7).

• Greatest length (GL) or skull length—Measure from the anterior-most projec-
tion of nasal or premaxillary bones to the posterior-most projection of skull.
The posterior-most projection is generally the supraoccipital bone projecting
backward at the top of the skull or the occipital condyles projecting backward
at the bottom of the skull.

• Condylobasal length (CBL)—Measure from the anterior-most projection of
premaxillary bones to the posterior-most projection of occipital condyles.

• Zygomatic breadth (ZB)—Measure the greatest distance across the outer edges
of the zygomatic arches.

• Palatal length (PL)—Measure the distance from the anterior-most projection
of premaxillary bone to the posterior-most projection of palatine bone
measured along the midline axis.

• Palatal breadth (PB)—Measure across the palate between the innermost
surfaces of the last upper molar teeth.

• Maxillary breadth (MB)—Measure the greatest distance between the outer
edges of the right and left maxillary bones.

• Interorbital breadth (IB)—Measure across the top of the skull between the
innermost surfaces of the orbits.

• Postglenoid length (PGL)—Measure from the anterior-most projection of the
postglenoid process and the posterior-most projection of the occipital
condyles.

• Length of the maxillary toothrow (LMT)—Measure from the anterior surface of
the anterior-most upper premolar to the posterior surface of the last upper
molar.
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• Basilar length (BL)—Measure from the posterior-most border of the alveoli of
the first upper incisors to the anterior-most ventral border of the foramen
magnum.

• Diameter of auditory bullae (DAB)—Measure across the auditory bullae from
the outer to the inner margins at right angles to the long axis of the skull.

• Height of the skull (HT)—Measure from the dorsal surface of the parietal bone
to the anterior-most point on the ventral surface of the basioccipital bone
(omit the sagittal crest if one exists).

MB

IB

ZB

(a) (b)

(c)

HT

CL

GL CBL

LMT

PGL

DAB

PB

BL

Fig. 6.7 Dorsal (a), ventral (b), and lateral (c) views of a fisher skull illustrating common
skull measurements (Foresman 2001; M-molar, P-premolars, C-canine, I-incisors; for all
other abbreviations refer to list above).
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Many additional measurements can be taken, depending upon the focus of a
study. For example, rostral proportions of skulls in the Family Canidae can
be used to distinguish between native and hybrid individuals (Howard 1949,
Lawrence and Bossert 1967). Martin et al. (2001) provide a broad discussion of
these measurements.

6.4.2 Skull fusion and age

The fusion of cranial bones is a function of an animal’s age and, therefore, can be
used to estimate age, given a collection of known-age skulls. Nutrition can affect
this timing, requiring caution in using the estimate of age. Subadult bobcats can be
distinguished from adults by viewing closure of the basioccipital–basisphenoid
suture (Conley and Jenkins 1969); North American otters can be placed in to
five minimum age categories (8–9, 11–12, 20–21, 31–32, 35–36+ months) by
closure of the basioccipital–basisphenoid suture, as well as the closure of several
additional cranial bones (Hamilton and Eadie 1964).

6.4.3 Skeletal morphology and age

The cessation of growth of long bones and the fusion of the epiphyseal plates can
be used to classify individuals into juvenile vs. adult classes of maturity. (e.g.
raccoons, Sanderson 1961; North American otters, Hamilton and Eadie 1964;
wolves, Rausch 1967; red foxes, Geiger et al. 1977).

The baculum, or os penis, is a well-developed bone within the urethras of canids,
ursids, mustelids, procyonids, and viverids, though vestigial or absent in the felids.
The weight, length, and confirmation of the baculum have been used to classify
individuals of many species into maturity classes (e.g. gray foxes, Petrides 1950;
wolverine, Wright and Rausch 1955; black bears, Marks and Erickson 1966;
North American otters, Stephenson 1977).

6.4.4 Eye lens and age

The lens of the eye, made up of crystalline proteins, grows at a decreasing rate
throughout an individual’s life with no cellular loss (Bloemendal 1977). Conse-
quently, its weight can be used as an index of age. Age curves exist for several
carnivore species (e.g. minks, Mustela vison, Pascal and Delattre 1981; dingos,
Canis familiaris dingo, Catling et al. 1991) but this technique is really only useful to
distinguish between young and adult age categories. This method requires accurate
processing of a fresh lens under controlled conditions (drying and length of
fixation; Friend 1967) and the starting date for the growth curve may need to be
projected back into gestation (Augusteyn 2007).
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As an individual ages, biochemical crosslinking increases among tyrosine amino
acids in adjacent crystalline protein chains, leading to a progressively higher ratio of
insoluble to soluble proteins (Dische et al. 1956). Analysis of these changes in small
mammals (e.g. meadow vole, Microtus pennsylvanicus, Stump and Anthony 1983)
and deer (Odocoileus virginianus, Ludwig and Dapson 1977) suggests that this ratio
may produce a better estimate of age than lens weight. The method has not been
commonly applied to carnivores.

6.5 Pelage and age

Carnivores molt seasonally throughout their life to replace damaged hair, to change
the density and length of hairs to provide seasonal insulation, and to change color
and color pattern with seasons (e.g. weasels). Initial molts reflect aging from infant
to juvenile to adult coats, and the timing of these molts is known for many species
(e.g. red foxes, Linhart 1968). Young of many felids carry spots that are lost as the
adult coat grows. For example, the spotting pattern in mountain lion cubs becomes
less distinct and dappled, by nine months of age and is totally lost by 24 months
(Logan and Sweanor 2000). This change distinguishes broad but specific age
categories.

Pelage quality indicates an animal’s health. Both nutrition (National Research
Council 1982; Rasmussen and Borsting 2000) and diseases (e.g. sarcoptic mange;
Chapter 13) affect pelt quality.

Photograph unique coloration patterns (including scarring) to identify recap-
tured animals and individuals photographed using remote cameras (Kelly 2001;
Heilburn et al. 2006; Jackson et al. 2006; Larrucea et al. 2007; Chapter 4). Keep a
complete photographic history of each individual.

6.6 Sex and reproduction

With the exception of spotted hyenas, in which female secondary sexual organs
mimic those of a male (Kruuk 1972b), all carnivores exhibit somewhat similar
characteristics in their external genitalia that allow identification of sex. In all
carnivores, the anal–genital distance is greater for males than females (Figure 6.8).

Wild carnivores in temperate regions generally exhibit seasonal reproductive
cycles. Testes of males swell during the breeding season and the testes may be
palpated easily in the scrotum. Testicular swelling always anticipates estrus in
females. Measuring the length and width of the testes within the scrotum provides
an index of testicular size (L � W) and reproductive condition (e.g. wolverines,
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(a)(a)(a)

(b)(b)(b)

Fig. 6.8 (a) External genitalia of male mountain lion showing long distance between anus
and penis (the scrotum lies between these structures and black hairs surround the penis
in this species), and (b) external genitalia of female mountain lion where the vulva lies
close to the anus (photos by Ken Logan).
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Mead et al. 1991; polar bears, Howell-Skalla et al. 2002; wolves, Mech 2006).
Most male carnivores possess a baculum in the penis, which can be palpated.

Female reproductive condition can be assessed by viewing the condition of the
vulva, which swells as a female enters estrus. Vulval measurements (length or
height, and width) may indicate the timing of estrus (e.g. American martens,
Enders and Leekley 1941; wolverines, Mead et al. 1991; fennec foxes, Vulpes
zerda, Valdespino et al. 2002). More accurate estrus determination can be made
by taking vaginal swabs for microscopic examination (Chapter 12). The size
(length and width) and coloration of nipples can also be used to determine whether
a female has bred: females who have not bred have small, pink nipples, while those
who have bred have large nipples that become dark in coloration (e.g. bears, Jonkel
1993; wolves, Mech 2006).

Reproductive status, estrus, and pregnancy in females can be determined
endocrinologically in many carnivores, though not necessarily in canids (Kreeger
2003; Chapter 12). Palpation can often document fetuses but the number of
fetuses is generally undercounted (Toal et al. 1986); take care not to mistake fecal
lumps for fetuses. Ultrasound is being developed for use in the field to estimate
litter size (Griffin et al. 2003; McNay et al. 2006) or stage of pregnancy (Stephen-
son et al. 1995; Canon et al. 1997; McNay et al. 2006).

Tooth cementum analysis indicates the reproductive histories of female black
bears, particularly young bears (Rogers 1978; Coy and Garshelis 1992; Carell
1994; Matson’s Laboratory: http://www.matsonslab.com/). The more lightly
staining cementum, normally laid down in the spring and summer period, is less
evident during a cub-rearing year; a thickened layer is subsequently produced the
following year, producing an alternation in cementum thickness coinciding with
successive cub-rearing years. This method appears ineffective for brown bears
(Matson et al. 1999) and other carnivores.

Note reproductive information from carcasses (see Chapter 12). The numbers
and sizes of corpora lutea, embryos, or fetuses, and placental scars, approximate
litter size and are important reproductive parameters in their own right (Sacks
2005; Elmeros and Hammershoj 2006). Counts of corpora lutea, which form in
the ovary from the granulosa cells of the follicle following ovulation, are used
routinely to assess reproductive performance, with limitations. Not every follicle
ovulated is fertilized, some follicles regress in the ovary and produce structures
visibly similar to true corpora lutea (termed accessory corpora lutea), some embryos
abort or are reabsorbed, and in some species (e.g. bobcat and Canada lynx), corpora
lutea do not degenerate and disappear but remain indefinitely (Anderson and
Lovallo 2003). In these species, the most recent corpora lutea can often be
distinguished by their light, yellowish coloration (Crowe 1975). Color patterns
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of placental scars may differ between recent and previous litters (Englund 1970;
Lindstrom 1981). Scarring also occurs when fetuses are aborted or resorbed
(Lindstrom 1981; Strand et al. 1995; Mowat et al. 1996; McNay et al. 2006).

Mountain lions (Logan and Sweanor 2000) and bobcats (McCord and Cardoza
1982; Rolley 1987) are often difficult to sex, since the penis and scrotum are not
obvious to those unfamiliar with these species. The hairs surrounding the penile
sheath of male mountain lions are commonly dark and the anal–genital distance is
much greater than for females (Figure 6.8; Logan and Sweanor 2000).

See Chapter 12 for more information related to sex and reproduction.

6.7 Injuries

Assess the overall physical condition of all animals handled, and record new and old
injuries. Note obvious scars, open wounds, and fractures (fresh, healing, and
healed) and their severity. In addition to potentially affecting an individual’s
fitness, these injuries might be valuable for identifying the animal in the future.
Porcupine quills in a carnivore’s muzzle reduce its ability to capture prey and to eat.
Although quills seldom cause infection (Roze 2009), they occasionally pierce
internal organs, leading to death (Coulter 1966; Wobeser 1992; Roze 2009).
Old injuries provide valuable information about an individual’s fitness. For
example, broken teeth, particularly canines, affect a carnivore’s ability to capture
prey. Carnivores, by their very nature, are prone to injury because they attack prey,
which inevitably struggle and fight back. Many carnivore taxa in museum collec-
tions have >25% incidence of >1 broken tooth. For African lions, >53% of
broken teeth were canines (van Valkenburgh 1988). Scoring injuries (Chapter 5)
can help researchers decide how to proceed with an injured, live-trapped carnivore
(Olsen et al. 1986; Hubert et al. 1996; Powell and Proulx 2003).

If one has a carcass, do a detailed necropsy to assess overall condition (Chapter
13) and look for subtle injuries (subcutaneous bruising, minor fractures, broken
ribs, bone breaks that might have healed, etc.; Mech 1970; Wobeser 1992).

Re-evaluate capture protocols with every capture to minimize future capture-
related injuries (Olsen et al. 1986; Proulx 1999a; Powell and Proulx 2003; Powell
2005; Chapters 8 and 13).

6.8 Physiological parameters

A variety of physiological measurements provide invaluable information on a
captured animal’s condition (Chapters 12 and 13). Take blood and tissue samples
to be analyzed to assess nutritional status (Chapters 12 and 13), diet (Chapter 11),
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endocrinological state (e.g. stress and reproductive hormones; Chapter 12), and
diseases (Chapter 13).

6.8.1 Blood

Draw blood samples from the jugular, cephalic, or femoral veins using prepackaged
Vacutainer® tubes, which can be purchased in a variety of sizes and preparations
(Voigt 2000 reviewed this methodology). These tubes have standardized, color-
coded rubber stoppers indicating their uses. Whole blood contains red blood cells
and plasma, the liquid component including such materials as fibrinogen, a
clotting factor, other proteins, water, and electrolytes Purple tubes contain
EDTA, an anticoagulant, for whole-blood collection for DNA analyses. For
serological tests, use vacutainers containing acid citrate and a dextrose solution
(yellow top). Red-topped tubes contain a clot activator allowing serum to be
collected for hormone analyses, and green-topped tubes contain a substance such
as sodium heparin to prevent clotting, used for plasma samples. Specialty tubes are
available.

As their name implies, a vacuum is predrawn in vacutainer tubes; with a plastic
holder supporting a double-ended needle, one first punctures the vein and, as
blood begins to flow, one then punctures the vacutainer tube with the opposite end
of the needle. Multiple blood samples can be drawn by simply removing one
vacutainer when filled and inserting a second.

The veterinary community has developed sophisticated hand-held, point-of-care
(POC) analyzers for the standard blood chemistry panel and a variety of other
blood parameters (Abaxis Veterinary Diagnostics, Abaxis North America, Union
City, California, USA; E-Z-EM, Inc., Lake Success, New York, USA). As this
technology develops, it will be applicable for field studies.

6.8.2 Tissue samples

Collect tissue samples whenever the opportunity arises, since tissue samples can be
used for genetic analyses, for contaminant analyses, and to develop a tissue
databank. When handling living animals, collect hair and small tissue samples
from ear plugs (Chapters 4 and 12). Use biopsy needles (commonly 11–16 ga.) to
collect other tissue samples. Place hair in a small, labeled paper envelope and allow
to dry (Chapter 4); for long-term storage, envelopes can be placed in a box with
desiccant or frozen in a manual defrost freezer. Carcasses provide a variety of
tissues, including liver, kidney, skeletal muscle, and brain (Sheffield et al. 2005;
Chapter 13). Freeze soft-tissue samples for DNA analyses in small, snap-top vials.
Take care to label each sample accurately and adequately with collection data (date,
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location, sex, unique animal ID). Place a paper label with replicate information
written in pencil inside containers, when possible.

Stable isotope analyses provide information that has been assimilated into tissues
over a long period from prey that carnivores have eaten (Chapter 11), highlighting
the importance of collecting and storing tissue samples. Coupled with molting
cycles, the analyses allow researchers to compare recent versus previous diets,
showing seasonal differences in diet (McFadden et al. 2006). Furthermore, the
turnover rate of these isotopes varies among tissues, because metabolic rates of
tissues differ (Tieszen et al. 1983). Consequently, by analyzing diverse tissues, one
can dissect spatial and temporal dietary differences (McFadden et al. 2006). Hair
and bone tissues, for example, have low turnover rates and their isotopic ratios
reflect season to annual or even to lifetime dietary information (Jones et al. 2006).

Fatty acids constitute a significant percentage of the bodies of prey eaten by
carnivores and provide unique signatures of prey eaten. The quantitative, fatty acid
signature (QFASA) in fat tissues of carnivores reflects the fatty acids available from
prey (Iverson et al. 2004, 2006; Thiemann et al. 2006; Nordstrom et al. 2008),
again highlighting the importance of collecting tissue samples.

Bone marrow condition is an index of nutritional state (Chapter 13).

6.8.3 Other samples

Collect fecal samples that live-trapped animals have left in traps or at the trap site,
and use a fecal loop to extract fecal material from the colon of anesthetized animals.
These samples provide appropriate material for DNA analyses and for nutritional
(Chapter 13), dietary (Chapter 11), disease (Chapter 13), and endocrine studies
(Chapter 12). Storage requirements depend on the studies of interest (Chapters 11,
12, and 13).

Comb the fur of living and dead animals for ectoparasites, such as fleas, ticks,
and lice. Store the organisms in labeled vials. For microscopic work, store in 70%
alcohol; for DNA analyses, additional preparation may be necessary (Chapter 13).

Collect endoparasites from fecal samples and carcasses. Depending on the study,
collect target tissues (e.g. liver flukes, cysts in liver or skeletal muscle).

Carcasses provide contents of stomachs and gastrointestinal tracts for diet
studies. Flush the contents of a stomach or GI tract into a large vial containing
70% alcohol (Chapter 11).

6.9 Bioelectrical impedance

A relatively new method to estimate an animal’s overall body composition, and
thus its relative condition, is bioelectrical impedance analysis (BIA; Robbins et al.
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2004; Hwang et al. 2005; Pitt et al. 2006). One passes a small, alternating electrical
current through the animal’s body between electrodes attached to the upper lip and
to the base of the tail. One measures the resistance to current flow (impedance)
with a plethysmograph (Hwang et al. 2005). Since resistance is directly propor-
tional to body fat content, one can couple resistance with measurements of total
body mass, body length, and chest circumference to quantify body fat and total
body water (Robbins et al. 2004; Hwang et al. 2005). The method requires
standardized protocol and calibration for each species. Seasonal changes in fat
reserves can be measured in this manner.

6.10 Asymmetry

Carnivores, as vertebrates, are bilaterally symmetrical with their symmetry being
tightly constrained through gene expression during development (Mather 1953;
M�ller and Swaddle 1997). Perfect symmetry, however, is rarely achieved; body
measurements, such as the lengths of an animal’s two upper canines, are inevitably
asymmetrical (Manning and Chamberlain 1993, 1994). The degree of asymmetry
in an individual for such a paired trait appears to reflect low developmental control
over the trait’s expression. The reduced control appears to be due to energetic
demands of a stressful environment (Badyaev and Foresman 2000; Badyaev et al.
2000) and the greater the environmental stress during development the greater the
asymmetry (Sommer 1996).

Recognizing asymmetry is important for two reasons. First, researchers com-
monly measure structures on only one side of the body for standard body
measurements. Since some degree of asymmetry is always present and has no
consistency for which side will be larger, measuring only one side of an individual
will misestimate the measurement means for that individual, making comparisons
between individuals inaccurate. Because both asymmetry and researchers are
inconsistent regarding which side is larger and measured, population means are
unaffected. Small population samples may have significant sampling error.

Second, since asymmetry reflects environmental stresses experienced by an
individual during their development, asymmetry reflects fitness of an individual
(M�ller and Pomianlpwski 1993; Watson and Thornhill 1994). Therefore, one
can evaluate fitness of an individual by measuring and comparing structures on
both sides of its body (Badyaev 1998). Wayne et al. (1986) and Badyaev (1998)
used asymmetry to evaluate environmental stresses experienced by cheetahs and
grizzly bears. Measuring multiple traits increases the statistical power to detect
developmental responses to stress (Leung et al. 2000).
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7
Radio-telemetry equipment and

applications for carnivores

Mark R. Fuller and Todd K. Fuller

Radio-telemetry was not included in the first comprehensive manual of wildlife
research techniques (Mosby 1960) because the first published papers were about
physiological wildlife telemetry (LeMunyan et al. 1959) and because research using
telemetry in field ecology was just being initiated (Marshall et al. 1962; Cochran and
Lord 1963). Among the first uses of telemetry to study wildlife, however, was a study
of carnivores (Craighead et al. 1963), and telemetry has become a common method
for studying numerous topics of carnivore biology. Our goals for this chapter are to
provide basic information about radio-telemetry equipment and procedures. Although
we provide many references to studies using telemetry equipment and methods, we
recommend Kenward’s (2001) comprehensive book, Amanual of wildlife radio tagging
for persons who are unfamiliar with radio-telemetry, Fuller et al. (2005), and Tom-
kiewicz et al. (2010). Compendia of uses of radio-telemetry in animal research appear
regularly as chapters in manuals (Cochran 1980; Samuel and Fuller 1994), in books
about equipment, field procedures, study design, and applications (Amlaner and
Macdonald 1980; Anderka 1987; Amlaner 1989; White and Garrott 1990; Priede
and Swift 1992; Kenward 2001; Millspaugh and Marzluff 2001; Mech and Barber
2002), and in reviews highlighting new developments (Cooke et al. 2004; Rutz and
Hays 2009; Cagnacci et al. 2010). Some animal telemetry products and techniques
have remained almost unchanged for years, but new technologies and approaches
emerge and replace previously available equipment at an increasing pace. Here, we
emphasize recent studies for which telemetry was used with carnivores.

7.1 General background

We use “radio-telemetry” to refer to the process of obtaining information from a
remote animal by use of radio waves. Most commonly, biologists use radio waves
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that are categorized in the spectral bands of Very High Frequency (VHF = 30–300
MHz) or Ultra High Frequency (UHF = 300–3000 MHz [3 GHz]). In their
respective countries, governments authorize the specific frequencies that can be
used for wildlife studies. The term band or bandwidth is used to describe a specific
range of frequencies (e.g. a 2-MHz band of 164–166 MHz). The signal transmit-
ted to, or from, the animal can be used to estimate its location or to carry data
about the animal’s motion, condition (e.g. heart rate, body temperature), or its
environment (e.g. temperature, atmospheric pressure). Radio-telemetry can be
used to gather information that is neither practical nor possible to obtain with
other methods from rapid-moving, wide-ranging, and secretive carnivores. Biolo-
gists have used radio-tracking to find animals for subsequent observation and to
document local movements and estimate space use (e.g. home range, Chapter 9),
to map dispersal and migration, and to study resource use and selection by
carnivores (Chapters 10 and 11). Estimates of population abundance, survival,
and fecundity, and information about causes of mortality, can be obtained using
data from radio-marked animals (Chapter 5). Radio-telemetry can be applied to
research of intraspecific (e.g. social behavior) and interspecific (predator prey)
relationships (Chapter 11).

If radio-telemetry seems like a potential technique for addressing objectives, careful
study planning is necessary and onemust consider several factors relative to alternative
techniques (e.g. Long et al. 2008a). The first consideration for using radio-telemetry
is its potential effects on marked animals (Murray and Fuller 2000; Withey et al.
2001; Table 7.1). Researchers must use an appropriate transmitter design and attach-
ment. A study can fail or produce biased results if radio-marking causes aberrant
behavior or physiological stress, increases mortality, or reduces reproduction. Animals
require capture and restraint, and perhaps sedation or anesthesia (Cattet et al. 2008a),
while being radio-marked (Mulcahy and Garner 1999; Agren et al. 2000; Arnemo
et al. 2006), potentially compounding the effects of the telemetry package (Tuyttens
et al. 2002). Biologists must investigate options for packaging and attaching the
package when they discuss equipment with manufacturers.

The expense of using radio-telemetry includes costs of equipment (transmitters,
antennas, and receivers), salaries, transportation for field personnel to capture and
radio-tag animals, and other labor and transportation (e.g. vehicles, aircraft) costs
to locate animals in the field. If data are to be obtained via cell phone or satellite,
costs include charges for reception, management, and distribution of data. In
addition, effort and new procedures might be required to manage the magnitude
of the data accumulated from telemetry (Cagnacci and Urbano 2008; Urbano et al.
2010). Pilot studies might be necessary for testing the performance and usefulness
of equipment and methods, and to learn about variability in telemetry data
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Table 7.1 Uses of radio-telemetry to study carnivores—considerations.

Topic Species References

Attachment capture collar wolves Mech and Gese 1992
collars weasels Gehring and Swihart 2000

ferrets Biggins et al. 2006
brown bears Schwartz and Arthur 1999

collar release mechanisms wolves Merrill et al. 1998
black bears Garshelis and McLaughlin

1998
expandable implants black bear

cubs
Vashon et al. 2003

otters Soto-Azat et al. 2008
badgers Ågren et al. 2000
fishers Weir and Corbould 2007
foxes Fuglei et al. 2002
wolves Crawshaw et al. 2007

multiple methods otters Neill et al. 2008
subcutaneous polar bears Mulcahy and Garner 1999

Effects of collars badgers Tuyttens et al. 2002
of handling cougars Fiorello et al. 2007

bears Cattet et al. 2008a

Aerial tracking cougars Stoner et al. 2008
lynx Vashon et al. 2008
wolves Hebblewhite and Merrill 2008

Triangulation bobcats, bison Riley 2006
pumas Laundre and Hernandez 2008
red foxes Van Etten et al. 2007

Auto-tracking
system

ocelots Mares et al. 2008

Video and
Telemetry System

MacNulty et al. 2008

Satellite system
performance

brown bears Graves and Waller 2006

Heard et al.2008
Walton et al. 2001a

GPS performance Frair et al. 2004
Jozwiak et al. 2006
Johnson et al. 2002
Lewis et al. 2007

lynx DeCesare et al. 2005
Mattisson et al. 2010

brown bears Sundell et al. 2006
Gau et al. 2004

cougars Lindzey et al. 2001
Ruth et al. 2010

maned wolves Coelho et al. 2007
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quantity and quality, which affect sample size, study design, and interpretation of
results (Girard et al. 2002; Lindberg and Walker 2007; Mills et al. 2008). Finally,
the number of animals that must be radio-marked, the spatial scale over which they
must be sampled, the duration of the study, and training of personnel, affect the
expense of using radio-telemetry.

After identifying the study objective(s) and reviewing relevant literature, corre-
spondence with telemetry vendors (via http://www.biotelem.org; accessed March
17 2011) and biologists who have done similar research with the equipment and
species is a critical step in deciding how technology can best be applied to the
research question. Biologists must be able to describe the environment in which a
study is to take place and how they expect the equipment to function. Biologists
should test the performance of their radio-telemetry “system” (transmitters, recei-
vers, antennas, coaxial cables, data loggers; Mills and Knowlton 1989; Merrill et al.
1998; D’Eon and Delparte 2005), including field-testing in the topographic
(D’Eon et al. 2002; Zweifel-Schielly and Suter 2007) and vegetative conditions
of the study area (Dussault et al 1999; Di Orio et al. 2003; DeCesare et al. 2005).
When equipment is used in naturally varying environments, and when animal
behavior causes variability, it often does not perform to the specifications obtained
by manufacturers from controlled laboratory testing (Gau et al. 2004; Coelho et al.
2007; Hwang and Garshelis 2007; Mattisson et al. 2010). When a minimum
sample of radio-marked animals is critical, researchers must estimate average opera-
tional life and failure rates from a sample of transmitters acquired for the study. Some
transmitters will surely fail before their predicted operation life is achieved. The
scheduled reception of data can be interrupted (Graves andWaller 2006) by factors
such as atmospheric interference, vegetation, terrain, and buildings, thus reducing
sample size (Hebblewhite et al. 2007). Observation bias results when the probabil-
ities of obtaining scheduled location estimates are not equal along animals’ move-
ment paths or within a period of interest, and whenmeasurement error occurs when
the true location of the animal is different from the estimated location. Equipment
performance can affect any use of radio-telemetry data (Hupp and Ratti 1983;
White andGarrott 1990; Land et al. 2008) and the application of relatively accurate,
regular, Global Positioning System (GPS) and other satellite technology has re-
newed focus on these issues (Rempel et al. 1995; Hurlbert and French 2001; D’Eon
2003; Cain et al. 2005; Hansen and Riggs 2008).

Researchers must understand the performance of the telemetry equipment to
correctly use and interpret telemetry data (Belant and Follmann 2002; Theuerkauf
and Jedrzejewski 2002; Frair et al. 2004; Mills et al. 2006; Hebblewhite et al.
2007; Horne et al. 2007; Andersen et al. 2008; Frair et al. 2010). If the telemetry
unit on an animal fails to function, and each animal is a sample unit, then sample
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size is reduced. If data are received less often than expected, or if the telemetry does
not perform consistently among all study conditions (e.g. weather, terrain, vegeta-
tion), then the quantity or regularity of data might be insufficient for an analysis
that had been planned. Analyses for telemetry data are included in some books
(White and Garrott 1990) and manuals (Fuller et al. 2005), and new procedures
are developed constantly (Coyne and Godley 2005; Sand et al. 2005; Tinker et al.
2006; Young and Shivik 2006; Beyer et al. 2010; Boyce et al. 2010; Kie et al. 2010;
Smouse et al. 2010).

7.2 Basic telemetry system

The majority of wildlife radio-telemetry has been conducted with VHF frequencies
(e.g. Rhodes et al. 1998), but satellite telemetry, at UHF frequencies, is being used
more and more often. Most component categories (e.g. transmitter, power source,
microprocessor) are used with VHF and satellite telemetry and have no special
considerations for carnivores. Table 7.1 lists, among other topics, papers that
emphasize components; other tables (Tables 7.2, 7.3, 7.4, 7.5, 7.6) provide
examples of how various combinations of components and field procedures have
been applied to the study of carnivores. Many papers do not provide detailed
information about components and simply name manufacturers. Correspondence
with telemetry vendors is critically important for deciding which equipment is best
for the species, the objectives, and the environmental setting of a proposed study.

Selection of a transmitter includes designating the radio frequency, signal repeat
(aka pulse) rate, signal strength (radiated power), duration of operation, and
configuration and mass of the unit. The VHF transmitter unit comprises electrical
circuitry, a power source, transmitting antenna, encapsulation, material for attach-
ment to an animal, and if needed, sensors. A 10-KHz spacing among transmitter
frequencies to be used on a study area is necessary because frequency drift,
transmitter crystal variation, and tuning deviations (e.g. nominal 164.000 MHz,
received at 164.005) of a receiver can otherwise result in more than one transmitter
being received simultaneously at the same frequency setting on a receiver.

The power source is the main determining factor for the duration of operation
for an animal’s telemetry unit. Signal power and operational life are tradeoffs with
battery powered telemetry because batteries with greater energy capacity add bulk
and mass to units. Thus, the mass of a telemetry unit that a species can carry
without adverse effects limits the size of the power source, and in turn, limits signal
power and operation life. Many electronics designs use microprocessors and low
power clocks to conserve power by turning transmissions on and off at prescribed
times (called the duty cycle). Photovoltaic solar cells, an alternative to batteries, can
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be used with a capacitor or rechargeable battery, but they have limited applicability
when animal behavior precludes regular exposure to sunlight (e.g. nocturnal, dense
vegetation cover).

Material for transmitting antennas should be strong and, for many applications,
flexible. Often the antenna is covered with tough, tight plastic coating. Whip
antennas are most efficient when of optimal length, a quarter wavelength of the
transmission frequency. Whip antennas, however, are often positioned close to
the animal’s body to reduce the likelihood of the animal damaging it or having
it snag on objects. Proximity to the body and a less than optimal length reduce
the efficiency of an antenna and affect reception distance and rates. Flexible wire,
or brass or copper loop antennas can be incorporated in a collar but the tuned

Table 7.2 Uses of radio-telemetry to study carnivores—movements.

Topic Species References

Dispersal cougars Stoner et al. 2008
wolves Ciucci et al. 2009

Kojola et al. 2009

Dispersal/survival raccoon dogs Sutor 2008
ferrets Byrom 2002

Home range/habitat honey badgers Begg et al. 2005
brown bears Edwards et al. 2009
jackals, 3 spp. Fuller et al. 1989
leopards Simcharoen et al. 2008
lynx Vashon et al. 2008
ocelots Mares et al. 2008
polar bears Parks et al. 2006
southern river otters Sepulveda et al. 2007

Modeling Christ et al. 2008
Movements/activities polar bears Amstrup et al. 2001

Parks et al. 2006
snow leopards McCarthy et al. 2005

Range use/ecology cheetahs Marnewick and Cilliers 2006
Malay civets Jennings et al. 2006
lions Metsers et al. 2010

Response to wildfire Ballard et al. 2000

Response to big game hunting Ruth et al. 2003

Spatial ecology spatial theory Young and Shivak 2006
spotted hyenas Boydston et al. 2005
Darwin’s foxes Jimenez 2007
stoats Hellstedt and Henttonen 2006
golden jackals Admasu et al. 2004
bobcats, gray foxes Riley 2006
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loop antenna must retain the size and shape delivered by the manufacturer when
placed on an animal (Gehring and Swihart 2000). For mammals that break
antennas (Biggins et al. 2006), the antenna is often placed between two layers of
heavy collar material (Schwartz and Arthur 1999; Loveridge and Macdonald
2002).

Table 7.3 Uses of radio-telemetry to study carnivores—interactions and predation.

Topic Species References

Comparative ecology mongooses Ray 1997
jackals Loveridge and MacDonald 2002

Depredations large carnivores Kolowski and Holekamp 2006

Food habits jaguars Cavalcanti and Gese 2010

Interference interactions Linnell and Strand 2000

Kill-site locations wolves Webb et al. 2008
lions Tambling et al. 2010

Predation rates cougars Anderson and Lindzey 2003
Ruth et al. 2010

jaguars Cavalcanti and Gese 2010
wolves Demma et al. 2007

Hebblewhite and Merrill 2008
Merrill et al. 2010

large carnivores Laundré 2008
wolves Sand et al. 2005

Species interactions mesocarnivores Kowalczyk et al. 2008

Survival/mortality coyotes, swift foxes Karki et al. 2007

Table 7.4 Uses of radio-telemetry to study carnivores—resource use and selection.

Topic Species References

Denning ecology brown bears McLoughlin et al. 2002a

Finding dens Iberian lynx Fernández et al. 2002
Canada lynx Moen et al. 2008

Habitat differentiation 3 spp. May et al. 2008b

Habitat selection/use brown bears Berland et al. 2008
Christ et al. 2008
Martin et al. 2008

Florida panthers Land et al. 2008
polar bears Mauritzen et al. 2003b
sloth bears Ratnayeke et al. 2007
Arctic foxes Pamperin et al. 2008
red foxes Van Etten et al. 2007

Habitat suitability modeling cheetahs Muntifering et al. 2006
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Encapsulating, or “potting,” the electronics and power source protects the unit
from shock andmoisture, and keeps animals fromdamaging components.Most radio
transmitters are potted in acrylics, epoxy resins, or hermetically sealed canisters, and
large, long-lived transmitters for large mammals usually are cast in a form filled with
potting. Transmitters to be implanted require special encapsulation to prevent rapid
penetration by body fluids and to preclude adverse reaction from body tissues.

Table 7.5 Uses of radio-telemetry to study carnivores—behavior and physiology.

Topic Species References

Activity Asiatic black bears Hwang and Garshelis 2007
brown bears Gervasi et al. 2006

Kaczensky et al. 2004
Kowalczyk et al. 2003

mountain lions Janis et al. 1999
Andean bears Paisley and Garshelis 2006
badgers Tanaka 2005
fishers Weir and Corbould 2007

Circadian activity wolves Ciucci et al. 1997
Merrill and Mech 2003

Communication river otters Ben-David et al. 2005

Disease jackals Rhodes et al. 1998

Group living coatis Hass and Valenzuela 2002

Heart rate/temperature Arctic foxes Follman et al. 1982
red foxes Kreeger et al. 1989
dogs Li et al. 2008
mink West and Van Vliet. 1986
wolves Kreegar et al. 1990

Parent/offspring pumas Laundré and Hernández 2008

Paternity and mating system wolverines Hedmark et al. 2007
black bears Kovach and Powell 2003

Response to human activity wolves Hebblewhite and Merrill 2008
Merrill and Erickson 2003

3 species Ruth et al. 2003
Linnell et al. 2000

brown bears Waller and Servheen 2005

Sociality river otters Blundell et al. 2002
raccoons Pitt et al. 2008

Sociality and disease badgers Böhm et al. 2008

Steroids sun bears Schwarzenberger et al. 2004

Territoriality wolves Demma and Mech 2009
Jedrzejewski et al. 2001
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A variety of sensors and options is available frommanymanufacturers. Sensors that
detect body movement (Garshelis et al. 1982; Gervasi et al. 2006), that detect
temperature or ambient temperature, or that incorporate a diode for visual tracking
(Tuyttens et al. 2002) are available. Activity, temperature, and atmospheric pressure
are often conveyed by modulating pulse interval, by which a change in pulse is
calibrated to a change in the sensor. The pulse interval can be interpreted manually
orwith a data logger. A tilt switch can reportwhether an animal’s body is in a particular
posture by triggering a slow or fast pulse (Theuerkauf and Jedrzejewski 2002). The
integration of accelerometers in transmitter units allows three-dimensional motion
sensing (Kappeler and Erkert 2003; Moll et al. 2007). Conduct a pilot study to test
special designs, using a surrogate or captive animal, if possible. Remember, however,
that field conditions can affect the function of telemetry systems.

“Activity” can be interpreted from changes in radio signal strength and consis-
tency (Weir and Corbould 2007) that occurs when an animal moves. Motion can
also be conveyed from sensors that change pulse rate when an animal has moved
within a short period. Such motion sensors can indicate possible mortality of a
marked animal that has not moved for a long period (Hass and Valenzuela 2002;
Kamler and Gipson 2004; Mills et al. 2008). The sensor can reset the pulse rate if
the transmitter moves or can be programmed to remain in “mortality” mode for a
long period (e.g. to prevent scavengers or other sources of movement from resetting
the mortality signal). Mortality also can be indicated with a body temperature
sensor that changes the pulse rate when the temperature drops below a prescribed

Table 7.6 Uses of radio-telemetry to study carnivores—population biology.

Topic Species References

Demography cheetahs Marker et al. 2003
sea otters Tinker et al. 2006

Genetic and spatial structure swift foxes Kitchen et al. 2005

Litter size black bears McDonald and Fuller 2001
eastern wolves Mills et al. 2008

Mortality and habitat brown bears Nielsen at al. 2006

Population delineation polar bears Amstrup et al. 2004
brown bears McLoughlin et al. 2002b

Population genetic structure polar bears Crompton et al. 2008

Survival and mortality tigers Goodrich et al. 2008
furbearers Kamler and Gipson 2004
gray fox Farias et al. 2005
wolverines Krebs et al. 2004
wolves Mills et al. 2008
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level. Using temperature and motion sensor data together can provide further
evidence of mortality or that the transmitter has become detached from the animal
(Bates et al. 2003). More than one type of data (e.g. motion and temperature) can
be sent from a single transmitter of certain manufacturers.

Data storage options allow information to be logged in the telemetry unit for
later downloading to a receiver system via radio transmissions to ground-, air-, or
satellite-based receivers, or from a transmitter that has dropped from the animal or
recovered by recapture or from a dead animal. This option is very useful when the
radio signal is beyond reception range or reception is limited by environmental
factors (e.g. water, topography), or when numerous locations are obtained from
GPS receivers (see below). Temperature, motion, or pressure data can be time
stamped and logged for retrieval. These and many other animal and environmental
data are gathered by data logging or biologging (Ropert-Coudert and Wilson
2005). Rutz and Hays (2009) summarized engineering and research activity in
equipment development and application, data management, and analyses, and the
many questions and topics to which biologging is now being applied.

The materials and methods used to attach the telemetry unit to the animal are
very important for ensuring the well-being of the animal and for ensuring the unit
remains in place for the study period (e.g. Biggins et al. 2006). A collar around the
neck is a common attachment method for radio-tagging carnivores. The telemetry
unit and collar should be able to withstand attention from the animal (D. Garshelis
and P. Ciucci, pers.com.) or from conspecifics during social interaction, should fit
the animal’s neck contours, distribute the package mass evenly, accommodate
swallowing, accommodate seasonal changes in neck size, and minimize interference
with the animal’s natural movements.

A variety of materials are available for collars, depending upon the size of the
animal, desired mass, configuration, durability, and attachment method. For small
mammals, a collar can be made of steel cable, elastic, or braided fishing line covered
by flexible, hollow plastic tubing. Each telemetry unit should be adjusted to fit the
individual. For medium or large mammals (Loveridge and Macdonald 2002), the
collar is typically constructed of leather, machine belting, braided nylon, or
synthetic dog collar material and secured with adjustable bolts, rivets, or buckles
to custom fit each individual. Some collars accommodate growth of young animals
or temporary neck expansion by incorporating foam rubber inserts or sewn pleats
(Garcelon 1977; Strathearn et al. 1984; Jackson et al. 1985). Telemetry units can
be retrieved for reuse, to obtain data loggers, and to relieve animals of the burden.
Mechanisms can be integrated in some collars to anesthetize animals using a
remote transmitter (Mech and Gese 1992), or to detach the collar at a prepro-
grammed time (Sawyer et al. 2006). Further development continues to overcome
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performance deficiencies of automatic release collars (Garshelis and McLaughlin
1998; Kochanny et al. 2009) and to adapt mechanisms to the variety of species and
collar types (Müller et al. 2005).

Radio transmitters can be surgically implanted in body cavities or implanted
subcutaneously. Abdominal implants often are used in mammals whose body
configuration precludes collar attachment (river otters, Melquist and Hornocker
1979; mink, Eagle et al. 1984; sea otters, Ralls et al. 1989), or to obtain physio-
logical data (Fuglei et al. 2002). Implantation of the entire radio transmitter and
antenna in the abdominal cavity can reduce reception range of VHF radios by �
50% (Melquist and Hornocker 1979). Subcutaneous implants have been used to
radio-track polar bears (Ursus maritimus) (Mulcahy and Garner 1999). When a
smaller transmitter is adequate (e.g. short duration or low transmission power) or
other attachment methods are precluded, radio transmitters can be affixed to ear
tags, which typically are used for marking livestock (Servheen et al. 1981).

Receiving systems for VHF wildlife telemetry comprise radio receivers, anten-
nas, cables to connect the antenna to the receiver, accessories (e.g. head phones,
chargers), counters and decoders, and recording devices. The receiver components
can process and convert the transmitter’s signal to an audio tone, and can produce
signals for processing by demodulators, decoders, or pulse counters.

Simple manual receivers operate within bandwidths of about 50 to 200 KHz,
and can be used with about 5 to 20 transmitter frequencies. Receivers are powered
by batteries and most have a meter to indicate the supply voltage. Most have a
built-in speaker and a jack for connecting earphones. Manual receivers are usually
the simplest and smallest receivers used in the field. More complex (and more
expensive) receivers can cover from 1 to 45 MHz bandwidths, and include a
programmable, automatic frequency scanning capability that can be interrupted
when a radio signal is detected. Programmable receivers are useful when many
transmitters are in the area of reception, such as when one surveys from an aircraft
or when a receiver can be left unattended to record signals automatically.

Recorders, counters, decoders, and data loggers mechanize processing of radio-
telemetry signals and data by measuring intervals between pulses, recording
changes in signal amplitude, marking the presence or absence of a signal, decoding
a signal, or recording data.

Receiving antennas have several basic designs: omni-directional, loop, Adcock or
H antenna, Yagi, null-peak system. Biologists should discuss their needs with
vendors and clearly describe the environment where the research will take place.
Omni-directional (“whip”) antennae have a uniform, 360

�
reception pattern, and

have relatively low gain. They are easily adapted for magnetic or bolt-on attach-
ment to vehicles and aircraft, and are used commonly to detect presence of signals
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over comparatively small areas. Directional receiving antennas have a three-
dimensional pattern of power oriented by the element(s) of the antenna.
A directional receiving antenna will detect the strongest radio signal when directed
toward the signal. Making the antenna more directional generally increases gain,
and thus the distance over which a signal can be received.

Elevation of the transmitting and receiving antennas generally increases the
reception range. However, “obstacles” (e.g. terrain, moist vegetation, buildings)
can block signal transmission and having the receiving antenna close to a person, a
vehicle, or even earth’s surface can affect reception. Therefore, optimal perfor-
mance is usually achieved by holding or mounting the receiving antenna high.
Hold an antenna above one’s head, stand on an elevated place, raise the antenna on
a mast above the ground, or receive from an aircraft. Custom VHF telemetry
systems can be devised for vehicles (Gilsdorf et al. 2008) and for remote data
collection (MacNulty et al. 2008; Mares et al. 2008).

7.3 Radio-tracking field procedures

The performance of equipment can be altered dramatically by animal behavior,
topography, vegetation, and climate. Personnel need to be trained, and location
accuracy and precision are maximized through careful, consistent procedures,
including estimates of location error (White and Garrott 1990; Nams and Boutin
1991; Withey et al. 2001). The location of a radio-marked animal can be estimated
by triangulation along bearings from two or more receiving sites (O’Donoghue
et al. 1997). Mech (1983), Samuel and Fuller (1994), and Kenward (2001) detail
basic tracking methods.

Homing is a method by which the operator uses antenna directionality and
signal strength information to move toward and find a transmitter (or animal).
Radio-tracking from aircraft is usually a special case of homing to find animals in a
large area. Flying can increase reception range by 10 times or more, and increasing
altitude usually increases detection distance. When two directional antennas are
mounted facing downward and to opposite sides of the aircraft under the wings or
struts, signal strength indicates the side of the aircraft where the animal occurs.

7.4 Satellite telemetry systems

Satellite telemetry allows remote tracking of animals from most places on earth.
The Argos system became available in the 1980s (Harris et al. 1990a, http://www.
argos-system.org/manual/, accessed March 17 2011). This system requires using
specialized transmitters, called Platform Transmitter Terminals (PTTs), which
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weigh �5 g. Polar-orbiting satellites receive sensor data and calculate animal
locations from Doppler measurements of ultra-high frequency (UHF) transmis-
sions from PTTs. Processed data are distributed to researchers in several formats,
including Internet access to data received about 4 hours previously. The cost of
data acquisition from Argos depends on the quantity of data received and choice of
data distribution options.

PTTs can transmit data from up to eight sensors (e.g. temperature, motion,
pressure voltage) and can be programmed to transmit at particular times, including
only during predicted satellite passes, and during particular periods (e.g. seasons).
Transmission strength can be adjusted to conserve battery power, but this can lead
to fewer location estimates per duty cycle (Walton et al. 2001a). VHF transmitters
can be mounted on collars with PTTs to locate animals on the ground (McLough-
lin et al. 2002b). Finding PTTs (Bates et al. 2003) provides valuable information
about the status of marked animals and facilitates retrieval of PTTs for reuse.

Location estimates from Argos are assigned to Location Classes (LC) that
provide nominal location accuracy. Biologists must consider if regular location
accuracy of�1 km is appropriate for their objectives. A pilot study can be useful to
assess how satellite telemetry performs under the conditions of a particular project.
In September 2010, Argos implemented a new location and error estimation
procedure, which can decrease error.

The Global Positioning Satellite System (GPS) is a US Department of Defense
array of satellites that transmit signals to GPS receivers. GPS systems allow three-
dimensional and frequent locations with accuracy of <30 m. Currently, GPS
receivers estimate locations within seconds of receiving signals from satellites.
Animal-borne GPS systems integrate the GPS receiver into a telemetry unit (on
a collar, for example) including a micro-power data acquisition/controller
(MDAC). The MDAC turns the GPS receiver, sensors, and data-transfer compo-
nents on and off to manage the energy budget of the system, to acquire positions at
programmed sampling times, and to store location estimates. Some packages
provide an interface for the user to program parameters and to download stored
data (Tomkiewicz et al. 2010). The GPS receiver requires considerable power,
which can limit the operational life of the unit. Even with recent low-power GPS
receiver technology, receiver power management usually is necessary to achieve
regular receptions and long operational life. Collar units for some animals can be
powered by solar arrays.

Data stored on board (SOB) a GPS telemetry unit can be downloaded when the
unit is recovered. Storing data on board is dependable but if the unit is not
recovered, the data are lost. Store-on-board systems can store about 35 000 GPS
positions per megabyte of memory and some GPS subsystems have >6 megabytes
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of memory. Incorporating programmable release mechanisms or VHF transmitters
into a GPS telemetry package increase the likelihood of recovering data (Sager-
Fradkin et al. 2008). Some GPS telemetry packages incorporate transponders that
transmit data via VHF or UHF from the unit when queried (Cavalcanti and Gese
2010; Chadwick et al. 2010). Power source restrictions limit the VHF transmission
to a narrow bandwidth and data rate, requiring perhaps 7 s to transfer a single
GPS position and 45 min to transfer 180 positions. Most GPS systems with data-
transfer technology also retain data on board, so that data can be downloaded if the
unit is recovered.

Another approach to data transfer is to configure each GPS transmitter package
as a separate link in a network. When tagged animals aggregate (e.g. a pride of
lions), the links communicate, storing data from each package on all other
packages. Retrieval of data from all marked animals requires querying only one
telemetry package (Juang et al. 2002; Martonosi 2006).

GPS data can be transferred from radio-marked animals via the Global System
for Mobile Communications (GSM) mobile telephone-data services (Gervasi et al.
2006; Sundell et al. 2006; Tambling et al. 2010). Regular contact and data
recovery from an area where service is available (widely in Europe) allows transfer
of all data stored in the memory of each GPS telemetry package. The system also
can be used in a two-way manner, allowing users to change on-board collar
parameters (Sundell et al. 2006). Unfortunately, many vast areas (e.g. much of
North America, sparsely populated Africa) lack GSM services.

Data transfer via low earth orbiting (LEO) satellites offers much more compre-
hensive coverage. The Argos LEO satellites orbit about 850 km above the earth,
thereby accommodating low power transmitters (100 mW to 1W) with omni-
directional antennas. While it is a global system, interference from the environ-
ment in Europe and Mongolia–Pakistan disrupts data transfer presently on the
Argos uplink frequency, limiting its use in those places. Argos can relay 24–48 GPS
positions per day from units on medium- to large-sized animals. GPS data can be
recovered as frequently as daily, but the limited energy budget of most animal tags
limits the number of GPS positions that can be transferred. Recent developments
allow the GPS data transfer to be used with on-board Argos orbit prediction
programs enabling transmitting only during satellite overpasses. This increases
data transfer efficiency of the system.

The Globalstar satellite system includes more than 40 low earth orbit satellites
designed for telephone communication and data transfer. GPS-Globalstar animal
telemetry collars can transmit every GPS location acquired in real time or log and
store location estimates for later retrieval. Retrieving GPS data via Globalstar is
expensive but a GPS-Globalstar unit can be programmed to acquire a GPS location
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eight times per day, but to transmit only one GPS location per day or per week,
thus conserving battery and costing less for data delivery via the satellite system.
The other stored data must be obtained later from the retrieved unit. Wildlife
collars using a GPS receiving antenna and a Globalstar patch transmitting antenna
are recently available and being used on many projects, but we are unaware of
published results. Names of current users can be obtained from North Star Science
and Technology and from Vectronic-Aerospace. The greatest limitation is that
areas lack land-based receiving stations, which limits Globalstar geographic
coverage.

The Iridium 66 low earth orbit satellite constellation provides worldwide, two-
way, near continuous coverage for voice and data communications. Iridium is used
in oceanographic applications in dial-up and in short burst modes. Opportunities
for use with wildlife are just becoming available. Current technology is suitable for
larger terrestrial species (Aastrup 2009). Vectronic-Aerospace has been the manu-
facturer offering data transfer via Iridium.

Other data-transfer possibilities (e.g. data recovery using radio modem technol-
ogy) are available as are innovations with GPS and other technology (Tomkiewicz
et al. 2010) that will increase the options available to biologists. For example,
inertial navigation devices in GPS collars allow estimation of animal locations on a
continuous basis between GPS fixes (Hunter et al. 2005; Elkaim et al. 2006).
Inertial navigation systems suffer from deteriorating accuracy as errors compound
over time, but GPS fixes at short intervals can be used to reset the accuracy of the
estimated track (Hunter 2007). Advances in battery technology, decreases in GPS
power requirements, and increases of on-board memory capacity lead to capabil-
ities to track a diversity of species and to know where animals are almost continu-
ously. To ensure having the most appropriate equipment, discuss options with
animal telemetry manufacturers and vendors.

7.5 Radio-telemetry applications for carnivores

Many insights into carnivore ecology and behavior have been garnered using radio-
telemetry. Animal movements (Table 7.2) are usually studied over time frames of
days to years, and often are quantified in terms of distance traveled or total area
covered. Ground-based, VHF telemetry has been used extensively to delineate and
describe home ranges of animals whose movements are somewhat restricted (e.g.
honey badgers, Begg et al. 2005), and satellite telemetry has revealed the limita-
tions of ground tracking for some species (e.g. snow leopards, Uncia uncia,
McCarthy et al. 2005). For wide-ranging species, such as wolves, aerial VHF
telemetry has long been used to follow resident packs, but packs that depend on
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migratory prey have been monitored more effectively using satellite telemetry (e.g.
in the Arctic, Walton et al. 2001a). Similarly, dispersal of smaller carnivore species
may be monitored from the ground with VHF transmitters (e.g. ferrets, Mustela
furo, Byrom 2002) but for large species, GPS telemetry has proved invaluable for
studying connectivity among distant populations, specific travel routes, and move-
ments after settling into new territories (e.g. wolves in Finland, Kojola et al. 2009).

Investigations of predator interactions with prey and other animals have been
enhanced by use of telemetry (Table 7.3), particularly in locating kills and
quantifying predation rates (e.g. VHS and GPS telemetry of cougars, Puma
concolor, Laundré 2008; Knopff et al. 2009) and in identifying how interactions
affect distribution (GPS and VHF telemetry of wolves and elk, Cervus Canadensis,
Proffitt et al. 2009). Telemetry has provided instantaneous locations and observa-
tions and, with new data-retrieval capabilities from satellites, data are very accurate
and nearly in real time. Simultaneous VHF telemetry studies of several species also
have facilitated in-depth understanding of competition, demographics, space use,
and prey use (e.g. jackals, Canis spp., Loveridge and Macdonald 2002).

Resource use and selection have been much studied using telemetry because of
the volume of locations that can be accumulated (Table 7.4). Many studies have
related carnivore distributions to a variety of vegetative or topographic “habitat”
variables, sometimes to gain general insights into various habitat requirements and
sometimes for specifically targeted insights (e.g. denning of brown bears,
McLoughlin et al. 2002a). Data have been incorporated into models used to
enhance restoration efforts or to minimize conflicts (e.g. VHF telemetry of
cheetahs, Muntifering et al. 2006).

Behavioral and physiological parameters, otherwise unobtainable, can be moni-
tored via telemetry from wide-ranging animals (Table 7.5). Activity patterns and
time budgets have been identified for cryptic, tropical carnivores (e.g. VHF
telemetry of Andean bears, Tremarctoc ornatus, Paisley and Garshelis 2006), and
paternity assignment has been shown to correspond well with overlapping ranges
of male and female wolverines (Gulo gulo, Hedmark et al. 2007) derived from
telemetry. Clear identification of social patterns of species not easily observed is
possible with telemetry (e.g. river otters, Lontra canadensis, Blundell et al. 2002),
and they can give insights into sociality and disease transmission (e.g. badgers,
Meles meles, Böhm et al. 2008).

Radio-telemetry has contributed to advances in carnivore population biology
(Table 7.6). Denning sites and thus litters of young can be found rather quickly
using ground-based or GPS telemetry. Unbiased estimates of survival and mortal-
ity of individuals leads to better understanding of population status and limiting
factors (e.g. ferrets, Byrom 2002; tigers, Panthera tigris, Goodrich et al. 2008).
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Population estimates are more refined because assumptions of population closure
can be monitored, and capture–recapture estimates can be assessed in light of
having known, marked individuals within the sampling unit (e.g. brown bears,
Miller et al. 1997).

Research of carnivore biology is fraught with challenges. Radio-telemetry has
facilitated gathering much information about many carnivore species that is
otherwise not available. Telemetry has been used with carnivores since the earliest
application of radio-telemetry to wildlife studies, and many of the techniques from
50 years ago continue to be used with great success today. In the last 20 years,
however, advances in electronics and space-age technology have given innovative
engineers and manufacturers new material, which they use to provide biologists
with new equipment with which new methods are developed. Radio-telemetry
equipment is now available with more options frommore vendors than ever before,
and new capabilities become available at a rapid pace. To know what is available
and to apply it best to meet objectives, biologists must have detailed dialogues with
manufacturers. Research and conservation of carnivores will surely benefit from
continued use of radio-telemetry.
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8
Estimating demographic parameters

Ken H. Pollock, James D. Nichols, and K. Ullas Karanth

Recent assessments present an alarming picture of ongoing carnivore population
decreases worldwide and highlight the urgent need for targeted population assess-
ments as a basis for mounting appropriate conservation responses (Ceballos et al.
2005; Schipper et al. 2008). On the other hand, carnivore research and manage-
ment must address “problem carnivores” that threaten human interests (Treves and
Karanth 2003), and the regulated harvest of carnivores as furbearers. Furthermore,
investigators are interested in demographic processes simply to satisfy scientific
curiosity. A sound understanding of demographic processes is critical to the success
of all such endeavors. In the real world, demographic processes are “spatially
explicit” in the sense that they are influenced by location-specific ecological features
and human impacts. These site-specific ecological processes help us understand
demographic processes better. Reliable assessments of different “state variables” such
as carnivore numbers or distribution at any location or time, and of “vital rates” that
drive changes in these state variables (Williams et al. 2002b), form the subject of this
chapter. In our view this “parameter estimation” is at the core of gaining reliable
knowledge of how carnivore populations function across time and space.

Understanding demographic processes typically requires the measurement and
estimation of the following specific parameters (Thompson et al. 1998 and
Williams et al. 2002b provided detailed explanations and definitions of these terms):

1. Population abundance (or its common expression as density) and rates of
change in abundance over time.

2. Survival, mortality, recruitment, immigration, emigration, and related para-
meters that are vital rates that drive changes in abundance.

3. Spatial distribution patterns, habitat occupancy and rates of change in these
variables.

4. Additional parameters involving rates of movement and exchanges of indi-
viduals among these populations if >1 population is involved.
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8.1 Combined challenges of carnivore ecology

and survey logistics

Estimating demographic parameters for carnivores poses unique problems not
usually encountered when studying many other animal groups. Carnivores typi-
cally occur at low population densities. This is particularly true of large and
medium-sized obligate flesh-eaters in the Felidae, Canidae, Hyaenidae, and even
some Mustelidae. Furthermore, large and medium-sized carnivores move long
distances daily, have large home-ranges, extensive seasonal movements, and long
dispersal distances. Consequently, substantial logistical effort is usually inevitable
for obtaining reasonable sample counts, whatever the type of survey process being
employed (Karanth et al. 2010).

Additional challenges are posed because many carnivores are nocturnal, elusive
or wary because of human persecution. Thus, visually counting them is usually
impossible, compelling investigators to use indirect detections (photos, tracks,
calls, scats, etc.) in field surveys (Long et al. 2008a; Thompson 2004). For example,
a well-developed, rigorous approach for estimating animal abundance based on
visual detections, distance sampling (Buckland et al. 2001), can be used to estimate
carnivore abundance only where carnivores can be detected visually (Ruette et al.
2003; Hounsome et al. 2005; Ogutu et al. 2005; Aars et al. 2009), or sometimes
with capture data (Corn and Conroy 1998). As animals need not be identified
individually, distance sampling does not require “marking” of individuals. Gener-
ally, however, this method cannot estimate vital rates, although overall rate of
population change can be estimated from temporally repeated data. We do not
address distance sampling here, and direct researchers to the studies cited above.

Many carnivore species live in remote or inhospitable habitats (e.g. snow
leopards, Uncia uncia, in the Himalayas, polar bears, Ursus maritimus, in the
Arctic, jaguars, Panthera onca, in Amazonia). Consequently, lack of qualified
field survey personnel, roads, vehicles, electric power, communication, and even
physical danger posed by the terrain, climate, or wild animals, may pose formidable
challenges to carnivore surveys. In some cases, “loyalty” to local traditions
of surveying carnivores, such as some spoor-based ad hoc “census” techniques
employed in India, Russia, and Africa, impede introduction of modern survey
techniques based on concepts of population sampling and statistical inference. For
example, for over three decades (1973–2004), official adherence to the “pugmark
census technique” in India (Karanth et al. 2003 provide details) prevented the
introduction of modern tiger (Panthera tigris) monitoring approaches, until local
tiger population extinctions forced a public outcry.
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Because estimating carnivore population parameters is challenging, researchers
usually rely on methods that require individual identification of “marked” animals,
which are then “detected” and counted in some manner during field surveys using
capture–recapture sampling (Williams et al. 2002b; Amstrup et al. 2005).
Although the capture–recapture approach is well-developed, both theoretically
and empirically (Williams et al. 2002b; Thompson 2004; Amstrup et al. 2005;
Royle and Dorazio 2008), for carnivores the key challenge lies in individually
“marking” the study animals in the field. Unlike fish, birds, and rodents that are
often easily captured and tagged, carnivores are difficult to capture, handle and
mark (Long et al. 2008a; Karanth et al. 2010). Furthermore, capture and handling
is potentially stressful to carnivores and hazardous to investigators. Overall, logisti-
cal difficulties of capturing, sedating, tagging, and recapturing larger carnivores in
sufficient numbers generally precludes physical captures for population sampling
(Karanth et al. 2010).

Therefore, in this chapter we stress the use of noninvasive field methods for
sampling carnivore populations to estimate demographic parameters reliably
(Chapter 4); invasive methods may be necessary to answer other biological ques-
tions (Chapters 5, 6, 7, 9, and 10). At present, reliable, noninvasive methods exist
for “capturing and marking” carnivores. The first uses “photographic captures”
that facilitate individual identifications from natural marks. The second uses
genetics-based individual identifications using DNA that is noninvasively extracted
from fecal or hair samples collected in the field (Boulanger et al. 2008; Mondol
et al. 2009). A third approach for individual identifications being explored (Kerley
and Salkina 2007) uses trained domestic dogs (Canis familiaris) that discriminate
among scent signatures of different individual carnivores. Although this third
method shows promise, rigorous application is not yet fully developed.

Wherever possible, demographic parameters should be estimated by modeling
both the underlying biological process and the observation or survey process that
generate the count data (Royle and Dorazio 2008). Thereafter, fit of plausible
models can be tested against data generated from carefully designed field surveys.
Therefore, the process of a priori modeling and survey design, careful data
collection, and testing of plausible models against data before generating estimates
of demographic parameters are integral.

8.2 Detection probabilities and demographic inference

Carnivore population ecology deals with changes in abundance of animals over
time, and with vital rates (survival, reproductive recruitment, immigration, and
emigration) that bring about these changes. Inferences about abundance and vital
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rates must be based on counts of animals from field sampling programs and these
counts must then be translated into inferences about the quantities of real interest.
This translation is based on the idea that the counts themselves (denote as C) are
random variables with expectation given by the product of the quantity of interest
(e.g. number of individual animals actually in the area being sampled; denote as N)
and a detection or capture probability (probability that a member of N is counted
in C; denoted as p):

EðCÞ ¼ Np ð8:1Þ
Inference about N thus requires inference about p. For example, if we have some
means of estimating detection probability (denote estimate as p^ ), then we can
estimate abundance in the area exposed to our sampling (counting) efforts as
(Lancia et al. 1994; Pollock et al. 2002):

N̂ ¼ C
p̂

ð8:2Þ

As emphasized by Lancia et al. (1994), the various methods for abundance
estimation presented in books, such as those by Seber (1982) and Williams et al.
(2002b), represent different, sometimes ingenious, approaches to estimating detec-
tion probability. The final step of abundance estimation, however, almost always
invokes division of the count by this detection estimate, as in Equation 8.2.

The use of so-called index statistics is common in studies of carnivores. In such
cases, the counts themselves are used as indicators of abundance for comparisons.
For example, ratios of count statistics at different times or locations or species are
claimed to estimate time trends in abundance, or relative abundance at different
places, or relative abundance of different species. Such uses of counts as indices
may be reasonable when detection probabilities are very similar over the dimen-
sions of comparison. When detection probabilities differ for different times, places,
or species, then these differences in detection probabilities are confounded with
true differences in abundance, potentially producing misleading inferences. The
problem with indices is that their valid use in comparisons depends on the
similarity of detection probabilities, and this similarity cannot usually be assessed
without collecting ancillary data needed to draw inference about p. Our recom-
mendation is, thus, to design a study in such a way as to collect the data needed to
draw inferences about p, and hence N. If detection probabilities actually do turn
out to be similar over the dimension of comparison, then reduced-parameter
models or even counts themselves can potentially be used for the comparison
(e.g. Skalski and Robson 1992; Williams et al. 2002b). If the detection probabilities
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do differ, however, then these differences are readily accommodated in inference
when appropriate estimation methods are used.

Detection probability is relevant not only to estimating abundance, but also to
inferring survival, reproductive rate, and movement (Williams et al. 2002b). For
example, if we mark a sample of animals in year t, we might try to estimate survival
by counting the number of these marked animals still alive in year t +1. The count
of survivors, however, will likely be smaller than the true number of survivors, and
an estimate of detection probability allows us to translate the count properly into
an estimate of survivors.

In some applications, it is useful to think of detection probability as the product
of two component probabilities, Pr (detection | availability) = pd, and Pr (availabil-
ity | membership in population of interest) = pa (Pollock et al. 2004). In this case,
the notion of availability means that an animal has a non-negligible chance of being
detected given that it is a member of the population of interest. Thus,

p ¼ papd : ð8:3Þ
In some cases, decomposition of detection probability is possible. During cap-
ture–recapture studies of terrestrial carnivores, we may be interested in inferences
about the animals exposed to our trapping efforts. For example, we may profess
interest in all animals whose range-centers fall inside the boundaries of our trapping
grid. During a particular trapping session, however, an animal may temporarily be
outside this boundary (with probability 1 – pa), and thus not exposed to trapping
efforts. Temporary emigration is a label frequently attached to animals that are
members of a group of interest but that are not in the sampled area during a
particular sampling period. Certain capture–recapture designs and models permit
separate estimation of pa and pd in the case of temporary emigration (e.g. Kendall
et al. 1997; Fujiwara and Caswell 2002; Kendall and Nichols 1995). The resulting
overall detection probability for an animal alive in the sampling grid is p = pa pd.
Many inference methods permit estimation of overall detection probability, p, but
do not permit its decomposition into detection and availability components.

Sometimes range or occurrence of animals over space is of interest for carnivores
(e.g. O’Connell et al. 2006; Karanth et al. 2009). Indeed range size and extent are
criteria frequently used in assessments of the conservation status of species (Ce-
ballos et al. 2005; Schipper et al. 2008). Occurrence over space is also a natural
state variable in (1) geographically extensive studies for which detailed demo-
graphic analysis is simply not possible and (2) studies of rare and elusive species
(including many carnivores; MacKenzie et al. 2004a, 2006). In such cases, the
proportion of habitat patches or geographic sample units occupied by a species is a
state variable of interest.
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Estimating this state variable is typically based on visits to habitat patches or
geographic sample units, accompanied by efforts to detect the focal species.
Therefore, the resulting count statistic is the number of units at which the species
is detected. Non-detections can occur for two reasons: either the species is truly
absent or the species is present but was not detected. Once again the issue of
detection probability is relevant, although this time at the level of the population or
species, rather than at the level of the individual organism. Equation 8.2 is still
applicable with the count statistic, C, now being the number of locations at which
the species is detected and p being the probability that a species is detected at a
location at which it is present. As was the case with the state variable of population
size, estimation of the vital rates associated with changes in occupancy, rates of local
extinction, and colonization, requires inference about detection probability. Occu-
pancy modeling is essentially an extension of capture–recapture modeling.

8.3 Capture–recapture models

In capture–recapture studies, a researcher samples the animals k times, where k is
usually greater than 2. At the time of each sample, all unmarked animals are
marked in some unique manner, and all previously marked animals are recorded.
This means that at the end of the study we have the capture history of every animal
captured at least once. Sometimes animals have to be sacrificed on capture or may
be negatively affected so they cannot be released, and these “losses on capture”
should be considered in the models used.

Traditionally, marks were applied, such as ear tags, neck collars, and leg
bands (Seber 1982; Silvy et al. 2005) involving physical capture and recapture
(mark–recapture). Animals can also be captured once and marked to be visible and
potentially resighted (mark–resight). Now natural tags are also being used from
DNA finger prints (Waits 2004) or photo-ID based on natural features, and
animals are never physically captured. In the DNA case, an animal’s hair or scat
is “captured,” while in the photo-ID case its image is “captured.” Sometimes
exploited animal populations have been studied by marking animals and having
tags returned or reported by harvesters of the animals (tag-return models; Brownie
et al. 1985; Williams et al. 2002b).

Capture–recapture models are of two main types: closed models for short-term
studies and open models for long-term studies. “Closed” means that the popula-
tion under study does not change in any way during the study. Because the
population size (N) must be constant and contain the same individuals, a study
should be of short duration to satisfy the assumption of closure. Long-term studies
require “open” population models to estimate population sizes and demographic
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parameters (survival, recruitment, emigration, and immigration). Using the
“robust” design (Pollock 1982) combines sampling at two temporal scales and is
advantageous for a long-term study, where several short-term pulses of sampling
are nested within long periods.

8.3.1 Closed models

The two-sample case of a closed model is the famous Lincoln–Petersen population
model (Seber 1982; Williams et al. 2002b). Assumptions typically made, besides
closure, are that tags are not lost, tags do not influence the survival of the tagged
animal, and that all animals in a sample have equal capture probability (that is,
animals exhibit no trap response and no heterogeneity of capture probability due to
inherent differences among the animals). With only two samples, applications may
use different capture methods in the two samples. Mark–resight is one possibility,
but many others exist. For example, some mammals have been injected with radio
isotope “tags” that can be detected later in their scats (Conner and Labisky 1985).

The eight general models allowing for various sources of variation in capture
probability (due to time (t), heterogeneity (h), and trap or behavioral response (b)
and their combinations, as well as constant) first detailed by Otis et al. (1978), as
well as their associated software (MARK, CAPTURE), have been the subject of
much research (e.g. White and Burnham 1999; Williams et al. 2002b; the MARK
online book by Cooch and White 2009). An important issue is selection among
models. MARK relies on the Akaike Information Criterion (AIC) method (Burn-
ham and Anderson 2002).

Heterogeneity models originally were based on the jackknife (Burnham and
Overton 1978) and the coverage method (Chao 1989). Both finite mixtures
(Norris and Pollock 1995, 1996; Pledger 2000) and continuous mixtures (Burn-
ham 1972; Dorazio and Royle, 2003) have also been used. Link (2003) empha-
sized important non-identifiability issues in these heterogeneity models. An
alternative, very important approach is to develop heterogeneity models based on
covariates (Huggins 1989, 1991; Alho 1990).

Trap response is a very important issue in capture–recapture studies that involve
physical capture and recapture of animals. In many cases, animals become trap-shy,
though animals may become trap-happy. The common forms of trap-response
models (Mb and Mbh) basically estimate N based on removals of unmarked
animals, because the recaptured animals with their different capture probabilities
turn out not to provide any information about population size (Otis et al. 1978;
Pollock et al. 1990; Williams et al. 2002b). Hallett et al. (1991) evaluated capture–
recapture models for closed populations in their studies of raccoons (Procyon lotor)
and found support for models that incorporated trap response. Wegge et al.
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(2004), provided some evidence of trap response to camera traps for tigers in
Nepal.

Physical removal or catch per unit effort models can be used for pest or harvested
species. One can use Mb and Mbh of program CAPTURE for these analyses, if the
effort is equal on each sampling occasion (Otis et al. 1978; Williams et al. 2002b).
Catch per unit effort models are a generalization of the Mb model for cases where
the sampling effort is unequal across sampling periods (Seber 1982; Gould and
Pollock 1997a, 1997b).

An important problem is the conversion of the population size estimate to an
estimate of density, which involves defining an appropriate study area size. For
trapping grids, the area used is sometimes just the area covered by the traps. Since
this approach likely overestimates density, various methods of estimating edge
effects have been developed. One approach is to add a buffer strip around the trap
array, with the width of the strip similar to half the average home-range width of
the animals. A second approach is to use nested subgrids, and a third approach is to
use assessment lines (Otis et al. 1978 and Williams et al. 2002b provide more
details). These approaches for estimating density work reasonably well in some
practical situations. These are, however, ad hoc and involve at least two steps in the
estimation process. A fourth approach, trapping webs (e.g. Anderson et al. 1983;
Buckland et al. 2001), uses a specific configuration of traps, combined with ideas
from distance sampling, to estimate density directly from capture data. This
approach requires substantial effort (a large number of traps) and has seen only
one use for carnivores: a density estimate of mongooses (Herpestes javanicus) in
Antigua (Corn and Conroy 1998).

Recently, spatially explicit closed capture–recapture models have been devel-
oped, based first on simulation (inverse prediction) approaches (Efford 2004) and
later using likelihood (Borchers and Efford 2008) and hierarchical Bayes (Royle
and Dorazio 2008; Royle and Young 2008) approaches. The latter methods have
been applied to photographic capture–recapture data on tigers (Royle et al. 2009a,
2009b; Royle and Gardner 2011). The spatially explicit models require that each
detection history of an individual animal includes not only whether or not the
individual was captured at each occasion, but also spatial data on locations of
captures. Capture probabilities of animals at specific traps are assumed to be a
function of the proximity of an animal’s home-range center to the trap. The two
substantive advantages of spatially explicit capture–recapture models are that the
approach estimates density formally and directly (in a single step), and that the
approach deals explicitly with an important potential source of heterogeneity in
capture probabilities induced by animal location. This latter point concerns the
likelihood that animals with ranges in the center of a trapping array are more likely
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to be captured than individuals with ranges near the periphery of an array. These
new, spatially explicit models incorporate such variation in capture (i.e. detection)
probability explicitly, thus dealing with one of the more important sources of
heterogeneity of capture probability among individuals.

8.3.2 Open models

In long-term studies, where the population is “open,” in addition to population
sizes the goal is to estimate population losses (mortality, emigration) and gains
(recruitment, immigration). The traditional Jolly–Seber model (Jolly 1965; Seber
1965) revolutionized the analysis of open population studies. This model can be
considered to have two parts: the Cormack–Jolly–Seber model (Cormack 1964)
for estimating apparent survival and capture probability based on recaptures only;
and the full Jolly–Seber model for analyzing first captures and recaptures and
estimating recruitment processes, population sizes, apparent survival, and capture
probabilities (Seber 1982). In the Cormack–Jolly–Seber model (Cormack 1964;
Burnham et al. 1987; Lebreton et al. 1992; Pledger et al. 2003, 2010), covariates
can influence both the capture probability and apparent survival parameters.

Jolly–Seber models do not estimate true survival in most studies, but apparent
survival (ç):

f ¼ S F ð8:4Þ
Apparent survival is the product of true survival probability (S; the complement
includes only mortality) and the probability that an animal shows fidelity (F) to the
sampled area. One cannot estimate these two parameters separately from capture–-
recapture data alone, but one can by combining a capture–recapture study with a
telemetry study, which we consider in Section 8.4.

The two modern approaches to estimating recruitment and apparent survival are
the super population model (Crosbie and Manly 1985; Schwarz and Arnason
1996; Williams et al. 2002b) and the temporal symmetry model (Pradel 1996;
Nichols et al. 2000; Williams et al. 2002b). Both allow richer stochastic representa-
tions of important recruitment processes than the original Jolly–Seber formulation.

Using a standard, open model for a population with unequal capture probabil-
ities, due to heterogeneity or trap response, can cause serious biases in estimates of
population size (Pollock et al. 1990). Violation of the assumption that temporary
emigration does not occur (animals move out of the study area and may then
return) is also important. Two possible types of temporary emigration are random
(an animal’s probability of being a temporary emigrant does not depend on whether
it was a temporary emigrant in the previous period) and Markovian (i.e. an
animal’s probability of being a temporary emigrant does depend on whether it
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was a temporary emigrant in the previous period). General, open models handle
random, temporary emigration, by redefining capture probability as the probability
of not temporarily emigrating multiplied by the probability of being captured,
given the animal is present. (This is the same as Equation 8.3 because the
probability of an animal being available for sampling is the probability that it is
not a temporary emigrant). Population size estimates refer to all the animals alive at
that time, whether they are temporary emigrants or not. The general open
population models cannot handle Markovian temporary emigration.

The standard methods apply to a single population but sometimes one wishes to
consider a meta-population system. Multi-state models (Arnason 1972, 1973;
Hestbeck et al. 1991; Nichols et al. 1992; Brownie et al. 1993; Schwarz et al.
1993) allow transition probabilities between state r and state s:

Frs ¼ Srcrs; ð8:5Þ
where the probability of survival in state r is Sr, and the movement probability is crs

between states r and s.

8.3.3 Robust design models

For a long-term study, many advantages come from using the “robust” design,
where several short-term pulses of sampling (“secondary periods” that usually
assume closure) are nested within long periods (“primary periods” during which
the population is open). The traditional closed robust design was developed to use
models that permit unequal catchability, due to heterogeneity and trap response for
abundance estimation (Pollock 1982; Pollock et al. 1990).

Important advances in modeling robust design data include inference about
temporary emigration, including Markovian temporary emigration (Kendall and
Nichols 1995; Kendall et al. 1997), and separation of in situ reproduction and
immigration using a two-age robust design model (Nichols and Pollock 1990;
Pollock et al. 1990). Genetic assignment can assist with this separation (Wen 2009;
Wen et al. 2010). Finally, the open robust design allows entries and exits between
the secondary periods within each primary period, instead of complete closure
(Schwarz and Stobo 1997; Kendall and Bjorkland 2001).

8.3.4 Natural individual tags

Natural features of animals and DNA “finger prints” are natural tags (Chapter 4).
Many carnivores have stripes, spots, and blotches on their coats that can be used
to identify individuals unambiguously. Such markings are clearest in felids, but
even striped hyenas (Hyaena hyaena), African wild dogs (Lycaon pictus),
Ethiopian wolves (Canis simensis), and several smaller carnivores, can be identified
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individually. Images from normal photography, videography, and “camera traps”
can be used but they must be clear and unambiguous (Karanth and Nichols 2010;
Karanth 2010). Change in marks as animals age must be documented (Forcada
and Aguilar 2000). To prevent loss of data, construction of capture histories should
be based on photos of both flanks (Karanth and Nichols 2010).

The complexity of coat patterns and the resulting time and effort needed to
identify individuals manually can be significant. For carnivores with complex
patterns, species-specific, pattern-matching software, such as EXTRACT-COM-
PARE (Hiby et al. 2009), can identify photos for subsequent, visual comparisons
of top-ranked matches. Such software can sometimes match photos from very
different perspectives, relying on three-dimensional models of shapes of specific
species (Hiby et al. 2009).

For DNA finger prints, DNA from a hair or scat sample is used to identify
individuals (Chapter 4; also see review by Waits 2004). If the genetic markers used
lack the variability to distinguish individuals, then two distinct animals can have
the same apparent genotype (“shadow effect”), and the population size will be
underestimated. Errors in genotypes due to laboratory scoring errors, contamina-
tion, or PCR amplification errors, usually lead to overestimation (Creel et al.
2003), unless special capture–recapture models that allow for error are used
(Wright et al. 2009). Extreme care is required in field collection and laboratory
procedures to avoid contamination. Fecal and hair DNA methods may provide
information on sex and reproductive status of individuals. Collecting hair and feces
can circumvent problems of animal trap-wariness, and equipment theft and
vandalism, which may affect camera-trap surveys.

The possibility of combining both kinds of natural tags could prove very useful.
For example, visual marks could be used to identify adults, while DNAmarks could
be used on young animals that have not yet developed stable, visible, natural marks.

When using individual tags applied by investigators, the assumption that
animals are not misidentified has rarely been tested. With natural tags (either
based on DNA or unique natural marks), this assumption is acknowledged, leading
to modeling efforts to handle such errors, especially for closed populations (Yoshi-
zaki 2007; Yoshizaki et al. 2009; Yoshizaki et al. 2011; Link et al. 2010). More
research is needed to refine the models and to extend them to open population
models and to the robust design.

Photographic or genetic capture–recapture studies must be designed carefully to
include species’ biology and logistical constraints. Considerations for field design
include the period over which demographic closure is assumed in relation to
expected population turnover rates in the species, covering a sufficient number
of home ranges to sample ample individuals, requisite field skills for locating good
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trap sites or finding scat deposits, and geographic closure (Williams et al. 2002b;
Karanth and Nichols 2010; Royle et al. 2009, 2010). As with traditional capture–
recapture analyses, photographic and DNA studies require multiple sampling
occasions.

8.3.5 Design of capture–recapture studies

Make certain that the precision of parameter estimates will be adequate. Otis et al.
(1978) provided good guidance for closed models, Pollock et al. (1990) for open
models, and Williams et al. (2002b) more generally. The best strategy is to use
computer simulation or expected value approximations (e.g. Burnham et al. 1987;
Pollock et al. 1990) based on anticipated parameter values, based on prior knowl-
edge. Computer simulations can generate random capture histories, using random
number generators with anticipated parameter values. Expected value approxima-
tions require estimating numbers of animals exhibiting each detection history and
using these expectations in software such as MARK (White and Burnham 1999).
These approaches are accessible even to biologists who have not worked with
simulations.

Capture–recapture analyses are based on underlying models of the sampling and
demographic processes. Therefore, studies must minimize violations of assump-
tions as much as possible. For just one simple example, if Markovian temporary
emigration is a concern, then the robust design could be used, as that design
permits this kind of temporary emigration, whereas the standard open models do
not. Pollock et al. (1990) and Williams et al. (2002b) discussed design-based
approaches to minimize assumption violations.

8.4 Telemetry mortality models

8.4.1 Survival models

The staggered entry Kaplan–Meier method is used widely to estimate survival
using telemetry data (Pollock et al. 1989a, 1989b). This method allows animals to
be added to the study while it is in progress and to be “right censored” if animals
leave the study area or lose their radio tags. The standard models assume that right-
censoring is independent of animal fate, a reasonable assumption in some cases. In
some cases, however, disappearance of an animal may be associated with death, for
example, in cases involving a predator, scavenger, or road-kill.

In program MARK, the “known fates” option can perform these standard
analyses and can be generalized to allow covariates to affect the survival rates. As
the name implies, known-fate modeling assumes that the investigator follows the
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radioed animal closely, knows whether it lives or dies between each pair of potential
sampling periods, and detects it at each sampling period in which it is alive.
Although radio-tags often result in high detection probabilities, these probabilities
are seldom 1. In such cases, detection data for radio-tagged animals should be
analyzed using capture–recapture models. Because radios often permit knowledge
of animal fate, combined live-recapture and dead-recovery models (Burnham 1993;
Williams et al. 2002b) provide a natural framework for dealing with carnivore
telemetry data with imperfect detection (Hostetler et al. 2010). For telemetry
studies with animals that are radio-collared, released, and never seen again, perhaps
suggesting immediate emigration from the study area, transient models (Pradel et al.
1997) developed for traditional capture–recapture data are useful.

8.4.2 Combining telemetry and regular mark–recapture models in one

overall analysis

Remember that for standard, open capture–recapture models, true survival and site
fidelity cannot be separated (Equation 8.4: f = S F). To separate these components
of apparent survival, one can include telemetered animals in capture–recapture
studies (Powell et al. 2000; Nasution et al. 2001, 2002). Also, recall that we
considered multi-state capture–recapture models that decomposed transition prob-
ability into survival and movement components (Equation 8.5):

Frs ¼ Srcrs ð8:6Þ
Adding telemetered animals increases one’s ability to estimate the movement
probabilities crs between states r and s. Models designed to incorporate both
capture–recapture and telemetry data are an important area for future work.

8.5 Occupancy models

8.5.1 Single-season models

The proportion of habitat patches or geographic sample units occupied by mem-
bers of a species is important in conservation biology. Occupancy is also important
for questions about species’ range and may be the only state variable for which
inference is possible for rare and elusive species. Some of the very first occupancy
models were developed for carnivores (Nichols and Karanth 2002) and recent
models (MacKenzie et al. 2002; 2006; Royle and Dorazio 2008) are applicable for
many carnivores. The key issue in occupancy estimation is that typical “presen-
ce–absence” surveys do not provide valid inference because locations where ani-
mals are not detected are ambiguous regarding presence. Non-detections
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result from actual absence and from presence without detection. An approach to
resolving this ambiguity is to use replicate visits and the resultant detection history
data. If sample units are sampled at multiple points or small units of space, and the
spatial replicates are selected randomly and with replacement, then the patterns of
species’ detections and non-detections across the replicates provide the data needed
to estimate occupancy.

The occupancy models used in this situation are similar to capture–recapture
models. One models detection histories as functions of parameters that describe
the process that generated the data and that are relevant to ecological questions.
Specifically, single-season occupancy data are modeled using: (1) occupancy para-
meters that represent the probability that a patch or sample unit is occupied by
members of the focal species, and (2) detection parameters that represent the
probability that at least one individual is detected during a sampling occasion,
given members of the focal species are present in the sample unit.

These single-season occupancy models (e.g. MacKenzie et al. 2002, 2006; Royle
and Dorazio 2008) all assume that sample units are closed to changes in occupancy
over the period in which the replicate visits are conducted. So a unit must be either
occupied or not for all visits in a season. This assumption initially appears
problematic for carnivores with large range sizes, but may be relaxed. If a sample
unit is included in the home range of one or more individuals, and if at least one
individual has some non-negligible probability of being located in the sample unit
at all of the visits, then this violation of the closure assumption is not a problem.
Instead, detection probability is reinterpreted as the product of the probability of
presence in the sample unit and the probability of detection, given presence (again
the situation reflected in Equation 8.4). Detection probability estimates can be
decomposed into these components under some designs (e.g. multiple detection
devices at a sample unit, Nichols et al. 2008). In such cases of “random” use of the
sample unit by a species, the occupancy parameter now reflects use rather than
strict presence during the entire season.

The basic occupancy models assume homogeneity of occupancy and detection
parameters for all sample units. This assumption can be relaxed, too, by grouping
sample units into strata, by collecting covariate information on each unit, by using
mixture models for detection probability, or, finally, by modeling patch-level
detection probability directly as a function of individual-animal detection proba-
bility and number of animals in the sampling unit (Royle and Nichols 2003;
MacKenzie et al. 2006; Royle and Dorazio 2008). Royle (2006) discussed the
implications of heterogeneous detection probabilities in occupancy models.

Standard occupancy models assume no false-positive errors (e.g. an animal track
misidentified to wrong species). This assumption can be met by never recording a
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detection without absolute certainty. Initial work on models to try to deal with
false positives (Royle and Link 2006) suggests that such errors make the inference
problem much more difficult. New models use ancillary data as an effective
approach to dealing with false positives (Miller et al. 2011).

Spatial replication requires that spatial replicates within the sample unit be
selected randomly and with replacement. A special case of spatial replication that
is frequently used for carnivores that travel along trails involves surveying a length
of trail for sign (tracks, scats) and breaking the length into segments that are treated
as replicates. Because a single animal can travel along the trail for distances
corresponding to several segments, the replicates may not be independent. Model-
ing animal presence at a segment as a spatial Markov process has been useful for
large-scale tiger surveys in India (Hines et al. 2010; Karanth et al. 2011).

Finally, single-season occupancy studies have been extended to include multiple
states, where “state” refers to some other attribute of the sample unit relevant to
members of the target species (e.g. relative abundance, reproductive success, disease
presence). An example is characterizing the state of a site as unoccupied (state 0),
occupied with no successful reproduction (1), and occupied with successful repro-
duction (2). An investigator records the state based on extra information (e.g. if
there is evidence of successful reproduction at the site). Evidence of reproduction is
taken to mean that the sample unit is in the reproductive state with certainty. Non-
detections and detections with no evidence of reproduction are characterized by
state uncertainty. Models have been developed to permit estimation of the prob-
abilities of patches being in these different states (Royle 2004; Royle and Link
2005; Nichols et al. 2007). A special case of the multi-state model deals with two
species and characterizes patches as containing members of neither species, species
A only, species B only, or both species. MacKenzie et al. (2004a) developed models
for this situation and defined interaction parameters associated with lack of
independence of occupancy itself and of detection probabilities. This model has
seen few applications (Bailey et al. 2009) and is potentially useful in carnivore
studies focusing on interspecific competition.

8.5.2 Multi-season models

Inferences about occupancy dynamics are obtained by surveying patches over
several time periods (called “seasons”) and using single-season sampling methods
within each year. This approach yields data in the form of a robust design (Pollock
1982). The vital rates that bring about changes in occupancy are probabilities
of local extinction and local colonization. The explicit dynamics models of
MacKenzie et al. (2003, 2006) and Royle and Kery (2007) model occupancy
dynamics as a Markov process in which occupancy state in season t + 1 depends on
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occupancy state in season t. Define ct as probability of occupancy in season t, �t as
the probability that an occupied site in season t is unoccupied in season t + 1, and
gt as the probability that an unoccupied site in season t is occupied in season t + 1.
The fundamental model for occupancy dynamics is then:

ctþ1 ¼ ctð1� �tÞ þ ð1� ctÞgt ð8:7Þ
If we shift to the view that the occupancy parameters reflect expected proportions
of occupied sites, the above expression simply indicates that the proportion of
occupied sites in season t + 1 is given by the sum of the proportion of sites occupied
in season t that do not go extinct locally and the proportion of sites unoccupied in
season t that become colonized by t + 1.

Multi-season occupancy models permit direct study of the processes underlying
occupancy dynamics, whereas inferences based on the single-season models are
about occupancy pattern. Investigating the influence of covariates on local rates of
extinction and colonization is especially useful. For example, meta-population
theory typically posits negative relationships between patch size and local extinc-
tion probability, and between distance to nearest source patch and local coloniza-
tion probability (e.g. Hanski 1999; Hanski and Gaggiotti 2004). Such assumed
relationships can be tested formally using occupancy modeling.

Trends in occupancy over time, important for conservation, can be modeled in
multiple ways (MacKenzie et al. 2006). Multi-state models have also been
extended to multiple seasons (MacKenzie et al. 2009), permitting, for example,
inferences about effects of the presence of one species on the probabilities of
colonization and extinction of a potential competitor.

Multi-season models require the same assumptions as single-season models. In
addition, they assume similarity of local extinction and colonization probabilities
across all sample units. This assumption can be relaxed through the use of site-
specific covariates (e.g. associated with habitat) to model these extinction and
colonization probabilities. Autologistic models can also be developed (Royle and
Dorazio 2008), permitting colonization and extinction of a focal sample unit to be
a function of the occupancy of neighboring patches. Of course, occupancy of
neighboring patches is not a standard covariate, as it is only partially known
because of the detection issue. Such models can be implemented using standard
likelihood approaches or Bayesian computational approaches based on Markov
Chain Monte Carlo (MCMC, e.g. see Royle and Dorazio 2008).

8.5.3 Software and study design

Computer program PRESENCE (Hines 2006) was developed specifically to fit
single and multi-season models to detection/non-detection data. Many of these

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

184 | Carnivore Ecology and Conservation



models can also be implemented in MARK (White and Burnham 1999). PRES-
ENCE is the best source of newly developed models, although new models are
usually implemented in MARK within a year of their appearance in
PRESENCE. Royle and Dorazio (2008) showed how to implement a variety of
occupancy models in WINBUGS (Spiegelhalter et al. 2009).

Several key investigations focus on the design of occupancy studies (MacKenzie
and Royle 2005; MacKenzie et al. 2006; Bailey et al. 2007). Occupancy study
designs require decisions about allocation of effort between more sample units and
more replicate visits to each unit. For single-season studies, MacKenzie and Royle
(2005) andMacKenzie et al. (2006) provided an expression (and associated table) for
computing the number of replicate visits needed to attain a specified level of precision
and a number of good suggestions about study design. Multi-season studies require
attention to the design issues relevant to single-season studies (e.g. replicate visits per
season, selection of sample units), as well as additional considerations. Program
GENPRES (Bailey et al. 2007) aids in the design of multi-season occupancy studies,
using simulation or expected value approaches to address sample size needed for
adequate precision, model identification, and designs needed to detect changes in
occupancy probabilities or covariate relationships for extinction and colonization.

8.6 Probability sampling of carnivore tracks to estimate

population density

Animal tracks have been used as an index of abundance (Section 8.1), and abun-
dance can be estimated using track counts. The method has been used for lynx (Lynx
canadensis), wolves (Canis lupus), and wolverines (Gulo gulo) and is based on
probability sampling of animal tracks in snow (Becker et al. 2004 detail the method).

Becker et al. (2004) referred to the method as “transect intercept probability
sampling.” Either aerial or ground counts of animal tracks may be used. The
probability of encountering a track from a group of animals along a transect is
estimated from the length and orientation of the track and is then used in a Horvitz
Thompson estimator for a population total (Thompson 2002; Chapter 5). Data
are augmented by counting tracks for a sample of radio telemetered animals.

8.7 Final thoughts

Because carnivores are increasingly threatened, biologists and managers invest great
effort and resources to study their ecology and behavior, and are quick to adopt
innovative equipment, field practices, and other physical tools. In contrast,
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researchers often do not apply adequate thought to hypotheses, to survey design,
and to analyses of data. Because carnivores live at low densities and are difficult to
study, this inadequate attention to research questions, design, and analyses often
results in sparse or poorly collected datasets, which are then routinely shoe-horned
into standard statistical packages, which may not be appropriate at all for the
research goals. Often, the novelty of a new tool—an expensive camera-trap—
dazzles an investigator to the point of forgetting that valid inference from camera-
trap data requires a large number of traps and animal capture events.

Whether data collected in the field are “low-tech” counts of carnivore spoor
or “high-tech” counts that come from camera-trap photos, DNA, or radio-telemetry,
appropriate methods must be used to estimate demographic parameters. Carnivore
science and conservation will advance much more rapidly if investigators apply
the same healthy curiosity towards the newer approaches to model and estimate
demographic parameters that they normally exhibit towards material tools and field
craft.

Detection probability must be understood before one can interpret count
statistics that arise from field sampling. Study design must include a plan for
dealing with that fact that field methods detect only an unknown fraction of the
animals present in any sampled area. One approach to dealing with detection is to
assume constancy over the dimension of comparison (e.g. time, space, species), but
this approach relies on untested assumptions that, when false, can completely
invalidate conclusions. The preferred approach is to collect data that permit
inference about detection probabilities and their potential variation over time,
space, and species. This approach typically involves simultaneous modeling of the
detection process and the ecological processes of interest and provides a basis for
inference about variation in detection probability, permitting an informed decision
about how best to treat these parameters in the analysis. If model selection and
model-based tests lead to the inference that detection probability can indeed be
viewed as constant over a dimension of interest, then a reduced-parameter model
(obtained by equating detection parameters) can be used for inference.

Detection probability is important for making inferences about both state
variables (e.g. abundance, occupancy) and vital rates (e.g. survival rate, rate of
local extinction). Abundance, or population size, has been the traditional focus of
studies in animal population ecology. Estimating abundance and associated vital
rates (survival, reproduction, immigration, emigration) typically requires substan-
tial field effort, often resulting in focus on a specific population and geographic
location. A host of important questions in animal population ecology must
typically be addressed with this state variable and its vital rates. Occupancy studies
focus on the proportion of an area occupied by members of a species. This state
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variable is not equivalent to abundance, and the two quantities carry different types
of information about a species. Occupancy studies are most appropriate for
addressing macroecological questions (e.g. about range and range dynamics) at
large geographic scales. They typically require less intensive field sampling than
studies focused on abundance, and hence can be carried out over larger areas. Thus,
the two state variables, abundance and occupancy, are not equivalent, and the
selection of focal state variable for a particular study depends on the specific
question(s) being addressed, which may depend on the resources available. Clear
thinking about study objectives and hypotheses is critical.

The inference methods outlined in this chapter represent the current state-of-
the-art, and rapid changes are expected. We anticipate substantial advances regard-
ing spatially explicit capture–recapture modeling and methods that integrate data
from different sources. Great potential exists to extend spatially explicit capture–
recapture modeling to open capture–recapture models covering multiple seasons
(Gardner et al. 2010; Royle and Gardner 2011). Such extensions will permit
inference about dynamics of individual animal ranges over time, a topic for
which only ad hoc approaches are now available. To date, most studies have
used a single approach to data collection (true capture and recapture, telemetry,
capture–recapture using photos, or using DNA identification) and subsequent
inference. In the few studies where multiple methods have been used (e.g. radio-
telemetry and camera traps), the data typically have been treated separately for
analysis or combined in two-step approaches (Soisalo and Cavalcanti 2006; Dillon
and Kelly 2008). Great potential exists for developing joint likelihoods that
combine data and corresponding models from multiple sampling approaches.
Combining data from camera traps and radio-telemetry in a single analytic frame-
work (e.g. Powell et al. 2000 and Nasution et al. 2001, 2002 for capture–recapture
and telemetry) is a natural step. Combining detection history data from camera
traps and genetic analysis of scats also has great potential. Even in the case where
individuals detected by the two approaches cannot be linked (i.e. individuals may
or may not appear in both data bases), key parameters (abundance, survival,
movement) could be estimated with greater precision using data from both sources
simultaneously (e.g. Wen 2009; Wen et al. 2010).
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9
Movements, home ranges,

activity, and dispersal

Roger A. Powell

Mammalian carnivores move to find and to capture food, to avoid competitors, to
avoid predators, to find mates, and to scent mark and otherwise communicate with
conspecifics. Thus, moving is important. Yet, moving is energetically expensive,
especially to capture live prey, making each move important. Carnivores are not
nomads, moreover, and they do not move at random. They confine their move-
ments in space and, through time, they develop home ranges, which are emergent
properties. Home ranges for carnivores can be small, <1 ha for some weasels
(Mustela nivalis, Nyholm 1959; Lockie 1966), or very large, 100s of km2 for
wolverines (Gulo gulo, Vangen et al. 2001) to 1000s of km2 for polar bears (Ursus
maritimus, Amstrup et al. 2000). Sometimes, a carnivore leaves its home range to
find mates, to find food, or to find a new place to live, which can become its new
home-range. Thus, movement is fundamental for carnivores and is basic to their
way of life; good research investigating the movements and home ranges of
carnivores can provide important insight into how carnivores live and why they
do what they do.

The conceptual problems of understanding an animal’s home-range must be
faced before one can estimate or quantify that home range. Without knowing what
one wishes to estimate, no estimate can be made. Equally important, the hypoth-
eses being tested must be clear, data must be appropriate for the hypotheses, and
home-range estimates must be appropriate for the hypotheses and data. We may
never find completely objective, statistical methods that use field data to yield
biologically significant information about animal’s home-ranges (Powell 1987).
Nonetheless, we must develop methods that are as objective and repeatable as
possible while being biologically appropriate.
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9.1 Research design

To be most productive, research requires good design based on good a priori
hypotheses (Hayne 1978; Hurlbert 1984; Reynolds-Hogland and Mitchell 2007b;
see Chapter 10). Researchers need to develop relevant, non-trivial hypotheses
based on previous research and on relevant theory. Good, biological hypotheses
should be developed from the synthesis of past research and theory. Good research
seeks to learn why animals do what they do.

Biological hypotheses are relevant to why animals behave as they do and are
based on biological knowledge. Use biological null hypotheses as the nulls for
statistical tests (Brosi and Biber 2009). Thus, if the best biological information
available predicts a particular outcome, then that outcome should be the null
hypothesis for a statistical test because it is the expected outcome, even if it is not
the outcome associated with “no effect.” This approach is consistent with “Mor-
gan’s Canon,” which argued against highly anthropomorphized interpretation of
animal behavior but not against appropriate, biological interpretations and
biological null hypotheses.

For example, large sexual dimorphism in body size is the norm across the
Mustelidae. Were a new mustelid discovered in the future and, at first, only
females collected, one would hypothesize that the yet-to-be-discovered males
would be larger than the females. That should be the null hypothesis for statistical
tests because large sexual dimorphism is expected. Now, if a few males are collected
and are no larger than females, and the appropriate statistical analysis rejects the
biological null hypothesis of large sexual dimorphism, then myriad, exciting
hypotheses come to mind regarding why: sexual selection on males is not large,
or the habitat is so unproductive that monogamy is required to raise young. In
contrast, what would the result be for this scenario using the encrusted, traditional
statistics and the null hypothesis of “no effect”? The result would be failing to reject
the null. Besides not helping to get one’s paper published in Nature, this result has
two potentially dire problems. First, accepting the null hypothesis is generally not
exciting and could cause one to miss the excitement of having found a mustelid
without sexual dimorphism, and all the associated hypotheses to test. Second, had
result been caused by a small sample size and insufficient power, then one might
believe incorrectly that the new species is not sexually dimorphic when, actually,
we do not know yet. Note that biological hypotheses are appropriate for frequentist
(traditional parametric and non-parametric statistics), Bayesian, likelihood and
information-theoretic approaches. Sober (2008) provided a solid background for
choosing the approach best for given research hypotheses. Sober also discussed
practical problems that arise when biological and statistical nulls differ.
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Because a home range is an emergent property of movements, movements and
home ranges should be used in research designed to answer different questions and
to test different hypothesis. Home-range analyses should be used to understand
how individuals space themselves on a landscape, how individuals place their home
ranges on the landscape with respect to the distributions of resources, how that
spacing changes with changes in neighbors and resources, how individuals might
evaluate landscapes, and other questions that extend beyond simply the composite
of all movements. Analyses of movements and individual locations should be used
to address questions related to travel, to use of specific resources by individuals, to
short-term responses of individuals to competitors, to short-term changes in
specific resources, and for other questions that concern locations and specific
movements. Being hierarchically related, home ranges and movements lend them-
selves to hierarchy theory to investigate how biological properties emerge across
different spatial and temporal scales (Reynolds-Hogland and Mitchell 2007b).

Being enamored with new technology need not lead to the best research. Most
research on carnivores is done remotely, using some system of telemetry (see
Chapter 7). Direct observations, however, should be used whenever possible.
Direct observation allows continuous data collection; shows the study animals on
their landscape; allows multiple types of data to be collected simultaneously; allows
observations of behaviors not under study; allows study of cooperative, dominance,
and other within-group behaviors; and lends itself to serendipity. Tracking animals
in snow (not completely direct) shows complete movement paths, including
behaviors related to very small-scale aspects of habitat, and lacks only precise
timing of behaviors. Telemetry should not supplant methods of direct observation,
when the latter are appropriate. Often, however, direct observations limit data
collection to one or a few individuals at once, while telemetry can allow data
collection on many animals at once. Choice of a telemetry system must be matched
to research questions and to the hypotheses being tested (see Chapters 2 and 7).
Using relatively inexpensive VHF (very high frequency) transmitters on many
animals is usually appropriate for answering population-level questions, while
using expensive GPS (geographical positioning system) collars on a few animals
is better able to provide data needed to answer questions about individual behavior.

The study of movements and home ranges of carnivores requires information
about the landscapes on which carnivores move and establish home ranges. To
understand movement, one must know not just how far and when an animal
moved, but how the local habitat quality affected movements, whether prey
densities caused the animal to linger or to travel through, whether local habitat
features facilitated hunting, or whether a local competitor depressed prey
availability.
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9.2 Movements

All measures of location, activity, and movement lend themselves to testing
pertinent hypotheses related to time of day, season, foraging, and use of resources,
satiation or nutritional balance, proximity of competitors, predators or members of
a social group, and more. Overlap of movement trajectories (paths) provides
insight into social behavior, especially when paired with data on proximities and
overlap of home ranges.

Animal locations can be estimated by observing animals directly, by capturing
animals repeatedly in traps or photos, by following tracks, by collecting samples
remotely, (for example, scats, hair) by using telemetry, or by using dogs to track
scent (see Chapters 4, 5, 6, and 7). From knowing locations of animals, one can
plot their movements from location to location. All animal locations have the
potential for error (even GPS locations and maps). Location error affects one’s
ability to estimate movements.

Turchin (1998) reviewed animal movements and clarified many terms. He
defined movement as “the process by which individuals are displaced over time,”
allowing passive transport. Although ecologists and conservation biologists study
largely the self-propulsion of animals, passive transport can be important, such as a
mother moving her offspring, a carnivore transporting parasites (see Chapter 13),
or a polar bear being moved by drifting sea-ice (Mauritzen et al. 2003a). A path is
the “complete spatio-temporal record” of an organism during a period of observa-
tion. A move is the path segment between two consecutive stopping places (rest
sites, for example, or small food patches). And a step is the path segment, or the
change of location, across a fixed period of time (as between two telemetry
locations). These definitions (Turchin 1998), though not universally adopted,
are used more consistently than the following terms related to movement. While
duration, direction, distance, and speed of a movement are obvious, a bout, the
period spent in a single behavior, has proved nearly impossible to define cleanly
(e.g. Nams 2006). Path shape has been termed tortuosity, sinuosity, and circuity, and
has been quantified in numerous ways and, therefore, lacks both a universal name
and a universal way to quantify (reviewed by Favreau 2006). Displacement is the
distance between an animal’s locations at two times. Paths become routes when they
are reused regularly or repeatedly. Paths and routes can connect sites with resources.
Routes can become permanent for an individual or group, and can be used sequen-
tially over time by different individuals and generations (e.g. Andersen 1991).
Dispersal is usually a one-time behavior, usually during adolescence but sometimes
during adulthood, when an individual leaves its mother’s home-range or its estab-
lished home range, to establish its own, new home-range. Migration is a repeated

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

Movements, home ranges, activity, and dispersal | 191



behavior, usually done annually in response to seasonal changes in resources. Many
animals migrate to reach a site where resources will be relatively abundant during
the coming season; some carnivores migrate by following the migrations of prey.

Depending on the hypotheses to be tested, location and movement data can be
quantified in many ways. When location data are randomly or evenly collected,
numbers of locations in different areas estimate time spent in those areas. Duration
measures those time periods directly. Numbers of locations or duration may not
correlate with importance of areas to an animal, however. Some resources, a water
hole, for example, may be critically important but need be visited only for short
periods (used seldom but important). Other resources, a resting site, for example,
may be used for a long period but be no more valuable than dozens of other rest
sites (used long but not important).

Distance, speed, and time, though obviously related through the defining equa-
tion for speed (speed = distance/time), provide different insights into behavior.
Distances between telemetry locations are always biased low, because a researcher
measures straight lines where an animal may have wandered. Location estimates
close in time yield distance and speed estimates that are less biased than those spaced
far in time because animals have less chance to wander. Analyses using distance and
speed must be robust to such biases. Tracks in snow provide precise measures of
distance but not of time or speed. Speed can sometimes be indexed from stride
length or gait, but one must be careful to understand the assumptions of such
indices. Speed can be measured with added data from telemetry (Powell 1979).

Path shape can be indexed from the ratio of actual distance travelled and straight
line distance (Powell 1978; Bell and Kramer 1979; Spencer et al. 1990), from
relative turn angles across a step (Bovet and Benhamou 1988; Socha and Zemek
2003; Benhamou 2004) or from other measures of angles and distance (Goss-
Custard 1970; Caro 1976; reviewed by Calenge et al. 2009). Fractal analyses
provide insight into important characteristics of movements and how movements
build home ranges (Christ et al. 1992; Gautestad and Mysterud 1993, 1995;
Loehle 1990; With 1994; Bascompte and Vilà 1997; Gautestad et al. 1998;
Nams and Bourgeois 2004). Although Turchin (1996) argued that use of fractals
is inappropriate across scales unless movements are clearly self-similar on different
scales (e.g. Atkinson et al 2002), he noted that the fractal dimension, D, does
provide a measure of path sinuosity. Fuller and Harrison (2010) showed thatD can
be used to reveal scale-dependent decisions for use of habitat.

In contrast, Benhamou (2004) argued that D should not be used to index
sinuosity because it does not address distances of moves. His caution is pertinent
only when one reports sinuosity in isolation.
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Activity is the state of being active and is usually measured as the proportion of
time spent active. Many telemetry packages now carry various add-ons that record
whether an animal is active or not, from variation in signal strength, to activity
switches, to accelerometers that provide three-dimensional information about an
animal’s posture and orientation (see Chapter 7).

Measures of movement rate, activity, and sinuosity of movements show differ-
ent things and, generally, none should be used in isolation. A female black bear
(Ursus americanus) with cubs moves at a moderate speed, is active for long periods
at a time, but remains within a local area (small displacement) because her move-
ments are highly sinuous (moderate path length, short moves, D�2; Powell et al.
1997). Breeding male black bears, in contrast, switch between moving at high
speeds over long distances nearly in straight lines (long path, large displacement,
D< 1) while seeking estrous females and moving at slow speeds for long periods
along sinuous paths while accompanying estrous females (moderate path length,
moderate moves, D> 1). No single measure alone describes these movements
appropriately; use several in conjunction.

9.3 Home range

Although Darwin (1861) noted that animals have home ranges, Burt’s (1943: 351)
definition of a mammal’s home-range is the foundation of the general concept used
today:

. . . that area traversed by the individual in its normal activities of food gathering,
mating, and caring for young. Occasional sallies outside the area, perhaps exploratory
in nature, should not be considered part of the home range.

This definition is clear conceptually but it is vague on points that are important for
quantifying animals’ home-ranges. Burt gave no guidance concerning how to
quantify “occasional sallies” nor how to discern “the area” out from which the
sallies are made. The vague wording implicitly and correctly allows a home range to
include areas used in diverse ways for diverse behaviors. Members of two different
species may use their home ranges very differently, with very different behaviors
but, for both, the home ranges are recognizable as home ranges, not something
different for each species.

Nonetheless, I am no longer convinced that Burt’s definition is the best way to
envision an animal’s home-range. Burt’s definition is limited to where an animal
travels and visits regularly; it does not include areas that the animal knows but visits
only rarely at critical times. Animals can be familiar with areas that they do not use
regularly. During an autumn with a failed acorn crop, one female black bear and
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her cubs left what my research team and I considered to be her home range (from
multiple years of study) to visit a ridge 10s of km away (Powell et al. 1997). From
the direct line of this female’s travel, I strongly suspect that she knew that distant
ridge and knew of its ability to produce food in years when other places did not. If
my interpretation of this female’s behavior is correct, then I consider that distant
ridge to have been part of her home range in other years, because she knew it and
knew that she could use it to obtain food during a period of food shortage. An
arctic fox (Vulpes lagopus) may be familiar with a 100-km² area yet use regularly
only a small portion with concentrated food (Frafjord and Prestrud 1992). The fox
can sample remotely the areas with potential to have food and determine which
areas actually do have food at any particular time. Some carnivores can smell and
hear over a kilometer and see a few hundred meters or more. They do not need to
be physically in a specific small area to know whether berries are ripe, or whether
deer have been bedding there regularly, or whether the vole density is high. Thus,
an animal’s home-range includes critical areas that it may not visit regularly and
includes areas sampled remotely to learn if they have important resources.

In addition, Burt’s definition is not clearly from the animal’s perspective. It is
post hoc and descriptive from a researcher’s perspective. To understand best why an
animal uses its home range as it does, and to understand what it gains from its
home range, one needs to understand, as well as possible, how the animal itself
perceives its home range.

Why do mammals maintain home ranges? Logically, home ranges provide the
benefit of knowing where resources can be found. Models of animal movement
predict that animals in heterogeneous environments benefit from “knowledge” of
their environment (Saarenmaa et al. 1988; Folse et al. 1989; Turner et al. 1994;
With and Crist 1996; South 1999; Stillman et al. 2000; Moorcroft and Lewis
2006; Dalziel et al. 2008; Van Moorter et al. 2009; Spencer in press). Such
knowledge can affect an animal’s fitness. Adult or juvenile carnivores in familiar
territory have lower mortality and higher reproduction than juveniles dispersing
through unfamiliar landscapes (Blanco and Cortes 2007; Gosselink et al. 2007;
Soulsbury et al. 2008).

Gaining knowledge of a home range requires time, leading to site fidelity, and
site fidelity has been used to define whether an animal has established a home range
(e.g. Spencer et al. 1990; Swihart et al. 1988). Unfortunately, such definitions
sometimes fail to define home ranges for animals that exhibit true site fidelity,
when model assumptions do not match animal movements (Powell 2000).

Mammals create spatial maps using their hippocampus (O’Keefe and Nadal
1978; Peters 1978; Fyhn et al. 2004; Sargolini et al. 2006; Leutgeb et al. 2007;
Kjelstrup et al. 2008; Pastalkovaet al. 2008; Solstad et al. 2008) and hippocampus
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size varies with relative selection pressures on cognitive mapping abilities and
spatial memory (Krebs et al. 1989; Jacobs and Spencer 1994; Galea et al. 1996;
Clayton et al. 1997). Animals plan movements and their hippocampus are sensitive
to where they find themselves within their environments (Kjelstrup et al. 2008;
Solstad et al. 2008). In addition, an animal’s movements should depend on its
nutritional state; resources with low travel costs or that balance the diet should have
added value. I showed that fishers appeared to rank prey by energy return (Powell
1979), consistent with optimal foraging models (Charnov 1976a, 1976b; Pyke
1984); those ranks should not change through time but should lead to predictable
changes in diets as prey populations change. Thus, a carnivore should update its
map for areas with low-ranked prey only when high-ranked prey are rare.

A carnivore has an instantaneous concept of its cognitive map, changing as the
animal learns new characteristics of its environment. A researcher, in contrast,
learns of changes in an animal’s cognitive map only by identifying changes in how
the animal uses space over time. A researcher deduces an animal’s home-range from
locations of the animal and from other data collected over the time required for the
animal to visit representative parts of its home range (but see Doncaster and
Macdonald 1991). Thus, for most research, a home range must be defined for a
specific time interval, e.g. a season, a year, or possibly a lifetime (Fieberg and
Börger in press). The longer the interval of time, the more data can be used to
quantify the home range, but also the more likely that the animal has changed its
cognitive map since the first data were collected. Consequently, certain time frames
make no sense for a home range (daily home-range, for example, and perhaps
lifetime home-range, in the sense that no animal still uses all sites at the end of its
life that it used early in its life).

A related problem is whether animals define boundaries for their home ranges.
Researchers must include some radius of familiarity, or perception, around an
animal’s locations or travel routes in data analyses. If they do not, home range is
reduced, reductio absurdum, to the places where an animal actually placed its feet,
which, clearly, is not satisfactory. The edges of home ranges can be diffuse
(Gautestad and Mysterud 1993, 1995), making the area of a home range unde-
fined. This ambiguity does not reduce, however, the importance of a home range
to its animal. And for analyses, even crudely estimated areas for home ranges
provide insights into animal behavior and ecology. Nonetheless, many carnivores
seldom use the edges of their home ranges and, except for territorial carnivores, and
carnivores that use physical features of the landscape dictate boundaries (Powell
andMitchell 1998), many carnivores may actually have no real boundaries for their
home ranges. After all, they spend the vast majority of their time elsewhere.
Consequently, researchers must remember that the boundaries they calculate
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may mean absolutely nothing to the animals themselves. In addition, area may be
the least interesting statistic of home ranges, because it probably means nothing to
many animals themselves. Cognitive maps may not have clear edges.

In the end, a carnivore’s cognitive map of its home range must allow it to make
decisions that affect its fitness, such as where to hunt next for food, how to reach
that hunting site while minimizing chances of becoming someone else’s prey, and
what parts of its home-range overlap with that of a potential mate.

Therefore, I propose that a home range is that part of an animal’s cognitive map
that the animal chooses to keep up-to-date with the status of resources (including
food, potential mates, safe sites, and so forth) and where it is willing to go to meet
its requirements. Mammals can sample and update many resources remotely using
at least smell, hearing, and sight.

How can we gain insight into an animal’s cognitive map, that is, into its own
perception of its home range? Aldo Leopold (1949: 78) wrote: “The wild things
that live on my farm . . . frequently disclose by their actions what they decline to
divulge in words.”We must use the actions of the animals to gain insight into their
home ranges, which requires good research design. The rewards of such research
will be new knowledge of how carnivores use space related to resources, how such
use relates to sex, maturity, experience, social status, nutritional and physiological
condition, etc., and, therefore, why carnivores use space as they do.

9.4 Territories

A territory is an area within an animal’s home-range to which the animal has
exclusive, or perhaps priority, use. The territory may be all, or just a part, of the
animal’s entire home-range. Thus, a territory is a special type of home range or a
particular part of a home range.

An animal maintains a territory only when it has a limiting resource, a resource
that is in short supply and that limits reproduction or survival and, thus, popula-
tion growth (Brown 1969). In consequence, territorial behavior does not limit
populations but, rather, limits on individuals within populations stimulate territo-
rial behavior. Theoretical work (Brown 1969; Fretwell and Lucas 1970; Maynard
Smith 1976; Watson et al. 1979) has shown generally that territoriality, at most,
regulates populations proximally.

Most carnivores that maintain territories do so year-round, and food is the most
common limiting resource (Rogers 1977, 1987; Sandell 1989; Palomares 1994;
Powell et al. 1997). For territorial individuals, territory size tends to vary inversely
with food availability (Powell et al. 1997). For solitary carnivores, the limiting
resource for males may be females during the breeding season (Erlinge and Sandell
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1986; Sandell 1989; Powell et al. 1997). For cooperatively breeding animals in
general, theoretical (Powell 1989) and empirical (Jenkins and Busher 1979;
Woolfenden and Fitzpatrick 1984; Walters et al. 1988, 1992; Powell and Fried
1992) work suggest that the limiting resource is usually some aspect of breeding
and living space, such as European badgers’ sets (Meles meles, Kruuk 1989; Don-
caster and Woodroffe 1993) or, for wolf packs (Canis lupus), the land within the
territory with its prey (Mech and Boitani 2003). Whether individuals, mated pairs,
or families defend territories appears to depend not just on the productivity of
limiting resources, but also on predictability and fine-grained vs. coarse-grained
patchiness (Bekoff and Wells 1981; Macdonald 1981, 1983; Kruuk and Parish
1982; Macdonald and Carr 1989; Powell 1989; Doncaster and Macdonald 1992).
Wolff (1989, 1993) warned that food may appear superficially to be the limiting
resource when the limiting resource is actually offspring.

Individuals may maintain territories in only part of a species’ range, female black
bears, for example (Rogers 1977, 1987; Garshelis and Pelton 1980, 1981; Powell
et al. 1997), and may abandon territorial behavior if the limiting resource increases
in abundance. Territorial behavior by female black bears can be predicted from
variation in the productivity of food (Powell et al. 1997). Such flexibility exists
because a territory must be economically defensible (Brown 1969) or economical
to maintain (Spencer in press). For territories that are defended, when productivity
of the limiting resource is very low, then the costs of territorial behavior are
not returned through exclusive access to that limiting resource; when productivity
is high enough that the resource can be shared, then the costs are an unneeded
expense (Carpenter and MacMillen 1976; Powell et al. 1997). If productivity
increases, an animal can decrease territory size. If the environment is patchy,
however, reducing territory size might require the loss of a large resource patch
that will, in turn, drop the territory’s resources below the minimum required.
Under these conditions, home-range overlap should be allowed (Powell et al.
1997). An individual or social group might maintain exclusive access only to
those parts of its home range with the most important resources, as exhibited by
some coyotes (Canis latrans, no overlap at den sites and central, forested areas,
Person and Hirth 1991). Alternatively, an individual might allow territory overlap
with a member of the opposite sex, intrasexual territoriality (Powell 1979, 1993a,
1994; Sandell 1989). Members of species with intrasexual territoriality generally
exhibit large sexual dimorphism in body size, males are polygynous, and females
are selectively polyandrous; females raise young without help from males; and the
large body sizes and large territories of males may be considered a cost of reproduc-
tion (Seaman 1993; Yagamuchi and Macdonald 2003). For species that affect food
supplies mostly through resource depression (i.e. have rapidly renewing food
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resources, such as prey that become wary when they perceive a predator and later
relax; Charnov et al. 1976a, 1976b), the cost of intrasexual territoriality appears to
be minor because the limiting resource renews. This cost may be imposed on
females by males (Powell 1993a, 1994).

Thus, territorial behavior is not necessarily a species’ characteristic. If environ-
mental conditions leading to territorial behavior remain stable for long periods,
however, flexible behavior can be lost as behaviors dependent on territoriality are
selected and become fixed. Whether territorial behavior is flexible remains to be
tested in most carnivores.

If defended, territories are usually defended with scent marks, calls, and displays
(Kruuk 1972b, 1989; Peters and Mech 1975), which are safer and more economi-
cal than tooth and claw, and are evolutionarily stable (Maynard Smith 1976; Lewis
and Murray 1993). Calls and overt displays are immediately transient and disap-
pear immediately. Scent marks change over time because different components
have different volatility. Thus, scent marks provide information on multiple time-
scales. Individual identification, dominance, or social status, and time since last
visit, may all fade from a scent mark at different speeds. Scent marks may also be
visual marks (or environmental displays); for example, raised leg urinations on
snow in winter and hind-leg scrapes by wolves (Peters and Mech 1975).

Members of many mammal species, but few if any carnivores, defend individual
territories against all conspecifics. Many solitary carnivores defend only intrasexual
territories (Powell 1979; Sandell 1989; Johnson et al. 2000). Members of some
other species defend territories as mated pairs (coyotes, Person and Hirth 1991),
and still others as extended family groups (red foxes, Vulpes vulpes, Macdonald
1979b; wolves, Mech and Boitani 2003; meerkats, Suricata suricata,Madden et al.
2009), sometimes containing non-family members (Mech 1970; Rood 1986;
Kruuk 1989; Madden et al. 2009). Where area-specific knowledge improves
foraging success or where home-range overlap with conspecifics leads to resource
depletion or depression (Charnov et al. 1976a, 1976b), avoiding areas of home-
range overlap may lead to territories without need of defense (Spencer in press).
If such conditions do not change over evolutionary time, selection should favor
behaviors that promote minimal home-range overlap, behaviors such as scent
marking or calls. Consequently, such advertisement of territories need not be
territory defense.

One might hope that territorial behavior would eliminate the problem of home-
range boundaries being vague or meaningless, yet we are not so lucky. The wolves
that Peters andMech (1975) followed responded to the scent marks of neighboring
wolf packs by marking at high rates. The alpha male of a pack (the dominant male
and father of subordinate pack members) even intruded a couple hundred meters
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into the territory of a neighboring pack to scent mark. Consequently, a territory
boundary became a fuzzy space a few hundred meters wide with an amalgam of
scent marks, and not a distinct boundary. Distinct boundaries of territories may at
times be no easier to identify than are boundaries of undefended home-ranges.
Apparent overlap of territories seen in telemetry data may be due to telemetry error
but, more likely, are real.

9.5 Estimating animals’ home-ranges and territories

Quantifying an animal’s home-range uses data that describe the animal’s use of
space to deduce, or to gain insight into, the animal’s cognitive map of its home
(Peters 1978). A home-range estimator should delimit where an animal can be
found with some level of predictability, it should quantify the animal’s probability
of being in different places, and it should quantify the importance of different
places to the animal. The data on the animal are usually observations, indirect or
remote locations, or tracks; remote locations include those gained from telemetry,
cameras, track plates, hair snares, and other sources of genetic identification.
Because we have, at present, no way of learning directly what a free-living animal
perceives as its cognitive map of its home, we have no perfect method for
quantifying home ranges.

Many methods for quantifying home ranges provide little more than crude
outlines of where an animal has been located. Drawing the smallest convex polygon
possible that encompasses all known or estimated locations for the animal (mini-
mum convex polygon or MCP, Hayne 1949), is conceptually simple. Problems
with the method, however, are myriad (see my review, Powell 2000). Most
importantly, to construct a minimum convex polygon, a researcher discards 90%
of the information included in the data he worked so hard to collect and keeps only
the extreme data points. More than any other, this method emphasizes only the
unstable, possibly imaginary, boundary properties of a home range and ignores the
internal structure of the home range and the central tendencies, which are more
stable and are important for critical questions about animals. Minimum convex
polygons can, however, be useful to define availability for third-order resource
selection (Horne et al. 2009).

For questions that relate to understanding why or how an animal has chosen to
live where it has, estimators are needed that provide more complex “pictures.” An
animal’s cognitive map will have incorporated into it the importance of different
areas. The most commonly used index of that importance is the amount of time
the animal has spent in the different areas in its home range. For some animals,
however, this index does work (remember water holes and rest sites). No standard
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approach exists to weight use of space by a researcher’s understanding of impor-
tance but a number of options exist, such as weighting locations by times between
locations and weighting locations by time periods (Katajisto and Moilanen 2006;
Fieberg 2007a).

From location data, most home-range estimators produce a “utilization distri-
bution” describing the intensity of use of different areas by an animal. A utilization
distribution is often confused with a “utility distribution,” a concept borrowed
from economics that assigns a value (the “utility”) of including a place within an
animal’s home-range (Ellner and Real 1989). A utilization distribution is derived
statistically from animal locations and describes how an animal has used space
(estimated from data), whereas a utility distribution is unknown and is probably
related to an animal’s cognitive map. Utility distributions need not be probability
density functions, though they usually are and can easily be transformed to
probability density functions.

A utilization distribution, calculated as a probability density function, describes
the probability that an animal has been in any part of its home range (Hayne 1949;
Calhoun and Casby 1958; Jennrich and Turner 1969; van Winkle 1975; White
and Garrott 1990), which provides one objective way to define an animal’s
“normal” activities. One can arbitrarily but operationally define “home range” as
the smallest area that accounts for a specified proportion of its total use. Most
biologists use 0.95 (i.e. 95%) as their arbitrary but repeatable probability level: the
smallest area with a total probability of use equal to 0.95 is defined as an animal’s
home-range (the area for “normal” activities). A strong statistical argument exists
for excluding some small percentage of the location data, of the utilization
distribution, or both: extremes are not reliable and tend not to be repeatable.
This argument does not specify, however, that precisely 5% should be excluded.
Using 95%, home ranges may be widely accepted because it appears consistent
with the use of 0.05 as the (also) arbitrary choice for the limiting p value for judging
statistical significance. Indeed, the 95% home-range for an animal depends on
sample size. Using two different datasets, especially with different sample sizes,
both collected from a single animal during a specified time period, will produce
two different, though similar, 95% utilization distributions (Figure 9.1; Fieberg
2007a; Kochanny et al. 2009; Fieberg and Börger in press).

Some biologists assume that exploratory behavior (“occasional sallies”) is
excluded by calculating 95% home-ranges, but inspection of real data suggests
that this assumption is wrong. Exploration often produces small clumps of loca-
tions with probabilities of use > 5%. An alternative approach for eliminating
“occasional sallies” is to exclude from analyses any isolated locations or clumps of
locations. This approach is more likely to eliminate explorations. The clumps
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Fig. 9.1 (a) Diurnal locations of an adult female white-tailed deer (Odocoileus virginia-
nus) collected by Global Positioning System (GPS) telemetry 15 February to 12 May
1999, Camp Ripley, Little Falls, Minnesota. (b) Locations of the same deer and the same
time, collected using very high frequency (VHF) telemetry. (c). Home range of the deer
depicted as 95% contours from a fixed kernel density estimator applied to the GPS data
(wide, grey lines) and VHF data (think, black lines). From Fieberg and Börger (in press).
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might not constitute 5% of the data, but is not necessarily a problem. This
approach requires researchers to inspect their data closely, which is a good thing.

Data used to estimate a utilization distribution are sequential locations of an
individual animal and are seldom independent samples of the true distribution.
Lack of independence is not great problem for most analyses (Lair 1987; Powell
1987; Andersen and Rongstad 1989; Gese et al. 1990; Reynolds and Laundrè
1990; Fieberg 2007b). In addition, data that are not statistically autocorrelated are,
nevertheless, always biologically autocorrelated anyway, because animals use
knowledge of their home ranges to determine movements.

The simplest way to build a utilization distribution is to superimpose a grid on
one’s study area and represent a home range as those cells in the grid having an
animal’s locations, each cell having a density as high as the number, or proportion,
of times the animal was known or estimated to have been within that cell (e.g.
Horner 1986; Zoellick and Smith 1992). This approach may seem outdated, given
the many sophisticated home-range estimators available; nonetheless, its simplicity
and its direct use of data make it a good choice for many analyses. It should be
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Fig. 9.1 Continued
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considered for GPS telemetry data because it avoids many problems associated
with kernel home-range estimators. Doncaster and Macdonald (1991) estimated
the home ranges of red foxes as a retrospective count of the grid cells known to be
being visited at any one time. This approach is equivalent to treating the cells as
marked individuals for a mark–recapture study and estimating home-range size
(population size of the cells) from a minimum number known alive approach
(Krebs 1966). Calculating back to any time, a fox’s home-range included those
cells that had been visited before that time and that would be visited again. This
approach allowed Doncaster and Macdonald to follow foxes’ home-ranges as they
drifted across the landscape. More sophisticated survival estimators could be
applied to estimate the rates at which cells were lost from home ranges and new
cells added (Doncaster and Macdonald 1996). With this approach, “occasional
sallies” are easily identified as those cells visited only once.

Choosing cell size is a major problem for most analyses using grids (Vandermeer
1981). For data on animal locations, cell size should incorporate, in some objective
way, information about error associated with location estimates for telemetry
data, information about the radius of attraction for trapping data, information
about the radius of an animal’s perception, the scale of habitat data, and knowledge
of the appropriate scale for the hypotheses being tested. For some comparisons, cell
size must be equal for all animals, for some others, cell size relative to home-range
size must be equal. Because cell size is related to the scale of the behaviors being
studied, changing cell size can change results of analyses (Lloyd 1967; Vandermeer
1981). The smallest cell size may be dictated by telemetry error (especially with
VHF telemetry) but the ecological processes of the hypotheses being tested dictate
the appropriate cell size. Choosing cell size is an application of hierarchy theory.

Kernel density estimators are used widely now to estimate home ranges (Laver
and Kelly 2005). These estimators produce unbiased density estimates directly
from data and are not influenced by grid size or placement (Silverman 1990).
A kernel estimator produces a utilization distribution in a manner that can be
visualized as follows. On an x–y plane representing a study area, cover each
location estimate for an animal with a three-dimensional “hill,” the kernel,
whose volume is 1 and whose shape and width are chosen by the researcher. The
utility distribution is a surface resulting from the mean at each point of the values
at that point for all kernels. In practice, a grid is superimposed on the data and
the density is estimated at each grid intersection as the mean at that point of all
kernels. Kernel-generated utilization distributions are, basically, smoothed grid
cell distributions.
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The width of the kernel, called the “band width” (or “window width” or “h”),
and the kernel’s shape might hypothetically be chosen using location error, the
radius of an animal’s perception, and other pertinent information. Band width can
be held constant for a dataset (fixed kernel); or band width can be varied (adaptive
kernel), such that data points are covered with kernels of different widths ranging
from low, broad kernels for widely spaced points to sharply peaked, narrow kernels
for tightly packed points. Although adaptive kernel density estimators were ex-
pected, intuitively, to perform better than fixed kernel estimators (Silverman
1986), they tend to overestimate use of peripheral areas (Seaman and Powell
1996). Kernel shape has little effect on the output of the kernel estimators, as
long as the kernel is hill-shaped and rounded on top (Silverman 1986), not sharply
peaked (deduced from Gautestad and Mysterud, personal communication). Ker-
nels with infinite tails overestimate use of peripheral areas. No objective method
exists at present to tie band width to biology or to location error, except that band
width should be greater than location error (Silverman 1986).

Choosing band width is a critical yet difficult aspect of developing a kernel
estimator for animal home-ranges (Silverman 1986). The optimal band width to
minimize statistical error is known for data that are approximately bivariate
normal, but animal location data seldom approximate normal distributions. For
distributions that are not normal, band widths can be chosen using least squares
cross-validation (Seaman and Powell 1996) and maximum likelihood cross-valida-
tion (Horne and Garton 2006a). Alternately, ad hoc methods for choosing band
width can be based on the biology of the animals being studied, such as the speed
that animals can move (Katajisto and Moilanen 2006) or on a researcher’s goals,
such as making home ranges continuous (Kie et al. 2002; Berger and Gese 2007;
Jacques et al. 2009; reviewed by Kie et al. 2010). Choosing kernel width involves a
tradeoff (Fieberg 2007b). Narrow kernels reveal small-scale details in the data, and,
consequently, tend also to highlight measurement error (telemetry error or trap
placement, for example). Wide kernels smooth sampling error but also hide local
detail. The result is that, to reduce error, either type of cross-validation tends to
choose large band-widths for small datasets, which leads to extensive smoothing
(Figure 9.1). Large datasets for the same animals produce similar utilization
distributions but with less smoothing, while very large datasets can produce highly
disjunct utilization distributions that are under-smoothed. Finally, different soft-
ware packages use different algorithms for least squares cross-validation and,
therefore, often choose vastly different band widths for a single dataset.

For some questions, the optimal band-width should be chosen for each home range,
while for other questions, all home ranges may need to be estimated using the same
band width. Using a single band-width for all home ranges reduces over-smoothing of
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small datasets and under-smoothing of large datasets. In the end, band width must be
chosen to fit the hypotheses being tested, the datasets, and other research goals.

Seldom are distributions of the use of space by animals, especially carnivores, so
“standard” as to allow researchers to apply software packages for kernel home-range
estimators blindly. When animals reuse den sites repeatedly, locations at den sites
should be removed from datasets before utilization distributions are estimated,
then reinserted with appropriate probabilities assigned. Kernel estimates of home
ranges sometimes incorporate areas obviously not used by the animals being
studied. Lakes, for example, may be avoided or not used at all by some terrestrial
carnivores, yet will be included in home ranges, especially if the research animals
forage close to the water. One can reset probabilities of use to 0 for non-habitat and
recalculate probabilities for areas that can be used.

Local convex-hull estimators are an important alternative to the widely used
kernel estimators, especially when use of space has sharp boundaries (Getz and
Wilmers 2004; Getz et al. 2007). As originally presented, convex-hull kernels were
constructed from the k – 1 nearest neighbors of a focal location (Getz and Wilmers
2004). In more recent developments, kernels are constructed from all points within
a fixed radius of each location (Getz et al. 2007). Local convex-hull estimators
outperform traditional kernel estimators when habitat boundaries that affect move-
ments are distinct but not when true use of space varies in a smooth manner (Lichti
and Swihart 2011).

Brownian bridge estimators are the best-known estimators that do not ignore the
time-sequence information that is available with most data on animal locations. All
other estimators assume that all location data points are independent and that time-
sequence information is irrelevant (Johnson et al. 2008, however, have amodel of “use”
that incorporates serial correlation of location data.). Brownian bridge estimators add
ridge-shaped kernels between consecutive location estimates, with the heights, widths,
and shapes of the tunnels and hills, dependent on the time and distance between
locations (Bullard 1999; Horne et al. 2007a). The ridge-shaped kernels are calculated
from an animal’s distribution of travel speeds and the distribution of potential random
routes between two locations. When locations are independent, a Brownian bridge
estimator adds nothing to the traditional kernel estimator it modifies.

When data are so abundant that many locations are autocorrelated, allowing
many Brownian bridges to be built, then traditional kernel estimators perform
nearly as well as Brownian bridge estimators to estimate home ranges. On a
simulated landscape with several peaks in resource abundance, I programmed
detailed, constrained random movements of animals that were attracted to the
resource peaks, yielding utilization distributions that resembled real home-ranges
of carnivores. Simulations represented a year with 3-min steps; the animals slept
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and foraged and avoided non-habitat. I then simulated telemetry datasets by
sampling the movements at intervals averaging from once every 6 days to once
every 3 min for a year. Estimated home-range sizes were extremely similar for
each sampling interval, as were measures of error from the true home-ranges
(Figure 9.2). For small sample sizes (long sampling intervals), the Brownian bridge
estimator actually averaged slightly larger mean squared error than the standard
kernel estimator, while the Brownian bridge estimator showed only minuscule
improvement over standard kernel estimator at large sample sizes. Horne et al.
(2007) had similar results using data for black bears. These estimators are most
useful when research goals include identifying specific travel routes, such as road
crossings and migration (Horne et al. 2007; Sawyer et al. 2009).
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Fig. 9.2 Brownian bridge estimators add little to most home range analyses; home-range
area and utilization distributions differ little. Both become more accurate with larger
samples. The figure relates to simulations that represent a year with 3-min steps; animals
slept and foraged and avoided non-habitat. (a) Mean areas of true home-ranges, of home
ranges estimated using a fixed kernel estimator, and using a Brownian bridge estimator.
Home ranges calculated as 95% contours from simulated telemetry samples taken once
every 6 day, every 1 day, every 15 h and every 3 h. (b) Mean squared error for the kernel
and Brownian bridge home-ranges (compared to the true home-ranges).
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All the estimators discussed so far estimate the probability that an animal will be
in any part of its home range but do not estimate how important that part of the
home range is to the animal. For researchers asking questions related to time or for
researchers studying animals for whom time and importance coincide, this limita-
tion causes no trouble. This limitation is a problem for researchers interested in the
underlying importance of habitats or landscape characteristics when time and
importance may not coincide. If time and importance do not coincide, kernel
estimators (and all other estimators) will not estimate importance accurately.

Model-supervised kernel smoothing (Matthiopoulos 2003) allows researchers
to incorporate other information into kernel estimates of home ranges. This
approach calculates a weighted combination of two estimators: one, a standard
kernel estimator for an animal’s home-range and the other a model of space-use
using other information (such as boundaries of lakes, habitats known to have
high densities of food, distinctive travel routes). Maximum likelihood cross-
validation calculates the relative weights of the two estimators. Horne et al.
(2008) developed a model with a similar goal of incorporating other information
but that modifies the kernel estimator. By incorporating information about
important resources, the final utilization distribution will be better than that
from the tradition kernel density estimator (Matthiopoulos 2003). Using model-
supervised smoothing requires programming skills because no estimator is pub-
licly available.

Another approach to addressing the importance of different places, is to map a
landscape depicting different resource qualities, such as food, habitat components
that facilitate prey capture, den sites, or the landscape of fear (Brown et al. 1999).
One can then test for correlation between these resources and time spent where the
resources are of different quality, or test which landscapes, or combination of
landscapes, best predicts time spent in different places. This approach does not,
however, identify limiting resources that need be obtained infrequently.

Mechanistic approaches to home ranges incorporate resources and constraints
into models of animal movements, thereby predicting home ranges (Moorcroft and
Lewis 2006). The models incorporating the most critical resources and constraints
predict home ranges closest to those documented for the target animals. Mecha-
nistic models of coyote territories in Yellowstone National Park, 1991–93, show
that prey abundance, topography, and the presence of other coyotes were critically
important to how coyotes use space (Moorcroft et al. 2006; Moorcroft and Lewis
2006). An alternative mechanistic approach is to model the value of resources for a
carnivore, then predict home ranges incorporating those resources using an optimal
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foraging approach to use of space (Mitchell et al. 2002; Mitchell and Powell
2003b, 2007). Black bears in the Southern Appalachian Mountains, USA, estab-
lish home ranges that minimize the area needed to meet food requirements,
allowing for modest resource depression by other bears. This approach does not
model the distribution of movements but, rather, the optimal space to occupy,
given that movements are restricted by the cost of travel.

Another approach is to build home ranges (utilization distributions) using other
resources as currencies (Powell 2000, 2004; Powell and Mitchell in press). For
example, build a utilization distribution that represents not time but, for example,
represents how an animal spreads energy expenditure across its landscape, or how it
spreads energy gain, or the potential to capture prey. To build alternate home-
ranges, one can place a kernel on each animal location but weight the kernels by,
for example, rate of energy expenditure for the animal when the location was
collected. Ultimately, one would like to build a distribution of fitness gained
(Powell 2004). This approach does have the potential to identify critically limiting
resources that are seldom used, but only if the biology of the study animal is well
known.

With this myriad of potential home-range estimators, how can one choose
which to use? Often, the hypotheses being tested will limit the choices. In addition,
information-theoretic approaches can be used to choose the best estimator (Horne
and Garton 2006b based on the hypotheses.

9.6 Home-range cores, overlap, and territoriality

9.6.1 Home-range cores

Particular parts of an animal’s home-range must be more important than other
parts. In general, foods and other resources are patchily distributed (e.g. Curio
1976; Goss-Custard 1977; Frafjord and Prestrud 1992; Powell et al. 1997) and,
therefore, those parts of a home range with high densities of critical resources
ought, logically, to be more important than areas with few resources. Trying to
identify as the core that part of an animal’s home-range that is most important has
a long history (e.g. Burt 1943; Kaufmann 1962; Ewer 1968; Samuel et al. 1985).
Identifying cores, if they exist, could be important for understanding home ranges.

Understanding home-range cores has two parts (Powell 2000). First, a core is
used more heavily than the apparent “clumps” of heavy use that appear from
random use of space. This first part leads to the second: a core, therefore, can not
be defined by an ad hoc level of use (i.e. a 25% home range, or all areas used more
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than average) but must be determined by the animals themselves. The literature is
filled with definitions of cores that are ad hoc or subjective. Were an animal to use
its home range randomly or in an even fashion, the home would have a core by
these definitions. The consequence is that using an ad hoc definition can lead to
spurious results and lead a researcher to identify behavior with a random pattern as
being significant. To have a biological meaning, a core must have a definition that
has a mechanistic biological interpretation, not an ad hoc definition.

Seaman and I (1990; Powell et al. 1997; Powell 2000) introduced a technique
for identifying cores that is objective, not arbitrary, and that allows the animals
themselves to define their cores (Box 9.1). Our technique is based on the logic that
has been used to identify behavior bouts (Fagen and Young 1978; Slater and Lester
1982). Bingham and Noon (1997) used the same method and Harris et al. (1990b)
may have, but their explanation is not clear.

This criterion for a home-range core clearly identifies the most intensively used
areas within an animal’s home-range, and it allows the data (i.e. the animal) to
determine the boundary between core and periphery. The criterion is objective and
intuitive, showing that some animals have large cores and some small (Seaman and
Powell 1990; Powell 2000).

Box 9.1 Home-range cores.

To identify an animal’s home-range core, plot each value for each cell of the home
range onto an x–y graph. Each cell’s y-value is its value for cumulative percent
home-range (100%, 95%, 90% down to 0%). That is, take a home range plotted as
percent home-ranges and each cell’s y-value is the value of the contour line that runs
through the cell. Each cell’s x-value is its probability of use, expressed as a percent of
the maximum probability of use. Thus, the cell with the highest probability of use
has x-value 100%, and the cell with the least non-zero probability of use has x-value
of nearly 0. Both x- and y-axes on the graph range from 0 to 100 (Figure 9.3). Were
an animal to use space within its home range randomly, all points would fall on a
straight line going from x = 0 for the 100% home range and x = 100 probability at
0% home range with slope = –1 (Figure 9.3a). If use of space by an animal is
clumped, however, the points will sag below the line of random use (Figure 9.3b)
and if use of space is even (all areas used with equal intensity), the points will remain
as a high plateau from x equals 0 probability of use up to x equal some large
probability of use and then plummet (Figure 9.3c).
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Box 9.1 Continued

Fig. 9.3 The concept for calculating home-range cores. For an animal’s home-
range, whether an animal’s use of space is random, clumped, or even affects the
relationship between probability of use and the percentage of the home range with
that percentage of use or greater. The x-axis is the probability of use for areas within
an animal’s home-range calculated as the percentage of the maximum probability of
use (maximum value of the utilization distribution). The y-axis is the percentage home
range (100% home range, 95% home range, etc.). (a) Relationship for random use
by an animal of the area within its home ranged; (b) for clumped or patch use of the
home range; and (c) for even or over-dispersed use of the home range.
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Box 9.1 Continued

When use of space by animals is clumped (Figure 9.3b), Seaman and I defined an
animal’s core as containing the points close to the x-axis (after Fagen and Young
1978; Slater and Lester 1982). Those points of the home range mapped onto the
steeply descending slope along the y-axis are used least and constitute the periphery
of the home range. The curve can be divided into its two parts at the point whose
tangent has slope = –1 (i.e. whose tangent is parallel to the line for random use).
This is also the point on the home range curve that is furthest from the line with
slope = –1 (Figure 9.3b). Plots of actual data that do not yield smooth curves can be
fit with smooth curves (Figure 9.4b).
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Fig. 9.4 Home-range curves for adult male black bear 12 (a) and adult female bear
61 (b) both from 1985, studied in the Southern Appalachian Mountains of North
Carolina, USA (Powell et al. 1997). The dotted vertical line shows the maximum
difference between the line representing random use to the curves for bear home-
ranges. The dotted horizontal lines show the percent home-ranges that correspond
to the core for each bear. The core for male 12 corresponded about to his 10% home
range, while that for female 61 corresponded about with her 20% home range.
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Box 9.1 Continued
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Fig. 9.4 Continued
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Fig. 9.5 Contour plots of the home ranges of adult male black bear 12 (a) and
adult female bear 61 (b) both from 1985, studied in the Southern Appalachian
Mountains of North Carolina, USA (Powell et al. 1997). The conventional 25%
home ranges, often chosen to represent a home-range core, is shown in heavy grey
while the cores calculated as described in this box are shown in heavy black.
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9.6.2 Home-range overlap

Home ranges of conspecifics often overlap, sometimes extensively. Relatives may
often use areas of overlap simultaneously, while non-relatives may avoid simulta-
neous use. Females with young may avoid areas of home-range overlap with adult
males. How animals in a population respond to home-range overlap is important,
making measures of overlap important.

In some species, territorial behavior has been documented objectively, especially
for many birds. For many carnivores, however, territory defense or responses to
scent marks are difficult to document and apparent lack of home-range overlap is
the only evidence of territoriality. For such carnivores, home-range overlap must be
quantified in an objective manner that weights probability of use of different parts
of a home range or territory. Home-range overlap can then be compared statisti-
cally among, for example, populations that appear to differ in territorial behavior
but for whom territorial behavior has not been manipulated experimentally.

Doncaster (1990) defined two types of overlap, termed static and dynamic
interactions. Static interaction is the spatial overlap of two home-ranges, while

Box 9.1 Continued

The home-range curves for adult male black bear 12 (Figures 9.4a, 9.5a) and
female bear 61 (Figures 9.4b, 9.5b) in 1985, studied by my research team in
the Southern Appalachian Mountains of North Carolina, USA (Powell et al.
1997), show that different animals will have different sized home-range cores.
The home-range core for the male was approximately his 10% home range,
while the core for female 61 was approximately her 20% home range. Just as
home ranges vary seasonally and yearly for a given animal, cores vary over time
as well.

Note in Figure 9.4a that the home-range curve for male bear 12 is above
the random use curve for areas with low probability of use, the areas that
makeup the far periphery of this bear’s home-range. That the home-range
curve is above the random use curve means that the bear’s use of space in that
area was evenly spaced, not clumped. Whether this is an artifact of smoothing
using a home-range estimator or whether animals really do use the peripheries
of their home ranges evenly and at low probabilities of use deserves
investigation.
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dynamic interaction involves interdependent movements of the two individuals
whose home ranges overlap. These types of overlap can be quantified in several
different ways.

9.6.3 Static interactions

Area of overlap is a poor estimate of the effect or importance of home-range
overlap. Areas of overlap vary in probability of use and the two individuals may
have a large overlap of areas used little by each, or a small but critical overlap of
areas used intensively by each. Although Genovesi and Boitani (1997) found that
area overlap of minimum convex polygons correlated strongly with weighted
overlap, this need not always be the case. Indeed, the biology is most interesting
precisely when this pattern is not the case, because it means that the animals are
responding both to resources and to each other.

Several indices work well to quantify pairwise overlap of home ranges using
probability density functions for each animals’ home-range. The first, Ip, is:

Ip ¼ Spki:Spkj;

k˛O

where pki and pkj are the independent probabilities that at any arbitrary time
animals i and j are in cell k of a study area that is within the area of overlap, O,
of the animals’ home ranges. Ip ranges from 0 to 1.

This index is the simple probability that the two animals will be in their area of
home-range overlap at the same time were they to move independently of each
other. Of course, most animals do not move without respect to the movements of
other animals. Consequently, static interactions should be studied in conjunction
with dynamic interactions.

Spearman’s coefficient of rank correlation is a robust index that can be used
broadly to index overlap of home ranges (Doncaster 1990). Calculate Spearman’s r
for the utility distributions of two animals with overlapping home-ranges, or for
the frequencies of use of cells in a grid. The index behaves well and nonlinear
responses of the index outside of the area of overlap (where one individual has
probability of use equal 0) do not affect the overall usefulness of the index.

Because an animal’s home-range can overlap with the home ranges of several
other animals, all pairwise index values within a study site are not strictly indepen-
dent. Similarly, for studies that follow some individuals for more than one year,
index values for different years may not be independent. Statistical tests must be
controlled for both individuals in each pairwise overlap when testing for differences
among sites, among years, or among populations of different species.
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These indices of overlap, and other similar indices (Hurlbert 1978), can be used
to compare overlap between sites, to compare changes in overlap with changes in
food or other limiting resources, or to deduce territorial behavior when active
defense, scent marks, or calls have not been documented.

9.6.4 Dynamic interactions

Several approaches can be used to quantify and to test whether two individuals
affect the behavior of each other. The indices test predominantly for attraction or
avoidance and are important to testing hypotheses related to pair-bonds, to the
existence of extended family groups, or other kin-related social behavior, such as
group territories.

å 2 and G tests can be used to explore whether two animals located at the same
time (approximately) tend to be found together. In a 2� 2 contingency table, label
paired and unpaired distances as near (animals together or associated) vs. far (not
together or not associated). Many telemetry packages now carry proximity loggers
that record whether another animal carrying a telemetry package is nearby. Barring
such technology, Doncaster (1990) labeled the red foxes he studied as “near” when
they were close enough to detect each other; Horner and Powell (1990) labeled
black bears as “near” when they were closer than the median distance of telemetry
error. Minta (1992) defined “near” as two animals being within an area of overlap
at the same time. The N-paired locations are a sample estimating how often the
two animals are close together. Take each location for each animal, calculate the
distance to the N � 1 locations of the other animal not taken at the same time to
obtain a sample of N2�N distances that can also be divided into near and far, and
estimates how often the animals would be near each other if the movements of each
were unaffected by the other. A significant å2 or G value indicates that the animals
attract or avoid each other. Minta (1992) noted that å2 statistics behave better than
G with small sample sizes.

My coworkers and I used fixed kernel estimates of probability distributions to
estimate the probabilities that two animals would be in their area of overlap
simultaneously if each used the area without regard to use by the other (index Ip
above, Powell et al. 1987). Ip can be tested against the actual proportion of time
(proportion of location estimates) that either animal spends in the area of overlap
with the other. Because the two animals are unlikely to be located the same number
of times, but must be in the overlap the same number of times, the proportion of
locations in the area of overlap will differ slightly between the two. This approach
can not be used to test whether two specific individuals attract or avoid each other
but can be used to test whether classes of animals exhibit attraction or avoidance.
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Minta (1992) developed further tests for attraction or avoidance to an area of
overlap that allow researchers to test for more specific use of areas of overlap and
that accommodate more diverse data. He showed how to test whether one animal
of a pair is attracted but the other not, how to test for attraction when animals are
not always located simultaneously, and how to test for attraction when home
ranges are not known but the area of overlap is.

Finally, social network analyses will be a productive approach for understanding
how individual carnivores, members of groups, and individuals interact, and how
those interactions depend on resources and landscapes (Dalziel et al. 2008; Sih et
al. 2009). This approach will lead to an understanding of, for example, how the
interactions between “asocial” male and female carnivores are affected during the
breeding season by their interactions before the breeding season and, in turn, how
they affect interactions afterward. Network theory has been used to understand
relationships within, and among, meerkat (Suricata suricata) groups and how
meerkat interactions affect the spread of tuberculosis (Drewe et al. 2009; Madden
et al. 2009; Drewe 2010).

9.6.5 Testing for territoriality

For many animals, territory defense is difficult or impossible to document but
patterns of home-range overlap can be indexed using either Ip or Spearman’s r to
deduce territorial behavior. Ip is little affected by cell size, as long as cell size is
relatively small compared to home-range size, because probabilities of being in cells
are summed over the area of overlap. Ip, however, can be used only to test for
differences between, or among, populations or classes of individuals. Spearman’s r
is sensitive to cell size and, therefore, has the potential to give different results with
different cell sizes. Cell size must match the grain or scale of the hypotheses being
tested and must be the same for all data being compared. Spearman’s r can, though,
identify spatial attraction or avoidance on a scale much finer than that of individual
home ranges.

9.7 Parting thoughts

Know your animals. Incorporate as much background biology into research as
possible.

Research design is paramount for successful research. Match your methods to
the hypotheses you are testing. Different approaches and different technologies are
needed for different hypotheses. Develop biological hypotheses, not statistical
hypotheses. Biological hypotheses can be “tested” (evaluated) using Bayesian,
likelihood, frequentist (conventional parametric and non-parametric statistics),
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and information-theoretic statistical approaches. Sober (2008) provided an excel-
lent overview of the strengths and short-comings of these approaches, as used to
test biological hypotheses.

Know your data. Inspect your data. Plot your data. Knowing your data will help
you spot mistakes in your analyses.

Know the landscape and habitats (which are different from land cover types, see
Chapter 10) in your study area.

Collecting data on movements, activity, and home ranges of carnivores is of little
to no value without collecting, or having, data on the landscape, local habitats, prey
populations, conspecifics, and competitors, etc.

To compare different datasets, critical methods must be the same for compar-
isons to be of value. For example, the differences in algorithms used to choose band
width by different software packages for kernel home-range estimators prohibits
comparisons.

Nearly all the approaches I have recommended in this chapter require raster GIS
(geographical information system) datasets (cell-specific data), if GIS software is
even used. To learn the probability of an individual carnivore using a specific
habitat or land cover, to quantify home-range overlap, and to locate movements
within habitats, all require cell-specific data for convenient analysis.

If you let available software define your analyses, then you are letting someone
else design your research. Perhaps the designer of the software deserves credit for
your results and not you.
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10
Carnivore habitat ecology: integrating

theory and application

Michael S. Mitchell and Mark Hebblewhite

Few terms in wildlife ecology and conservation biology enjoy jargon status more
than the word “habitat.” The ubiquity of the word in popular, scientific, and
administrative literature suggests a universal definition, yet the diversity of contexts
in which it is used clearly indicates little consensus. This conceptual imprecision
has strong, but generally unacknowledged, implications for understanding and
managing populations of wild animals, particularly for those where human-caused
changes to ecosystems threaten viability. Few vertebrate groups better epitomize
such populations than carnivores. Yet efforts to quantify what makes places
habitable for carnivores are strongly compromised when poorly considered or
biologically meaningless definitions of habitat are used.

We agree with Morrison et al. (1992), Hall et al. (1997), and Sinclair et al.
(2005) that a definition of habitat must explicitly consider the resources that
contribute to an animal’s fitness. Describing habitat simply as the places or
prevailing conditions where an animal is found is tautological, precluding robust
knowledge and effective conservation. Nonetheless, descriptive definitions are
overwhelmingly prevalent in the habitat literature. Why? We hypothesize three
possible explanations. First, so little is known about an animal’s habitat that only
the initial steps of the scientific method are available to investigators: observe and
hypothesize, the essence of description. Such cases are surely much rarer than the
prevalence of descriptive habitat definitions suggests. The second explanation is
that scant critical thought has been given to defining habitat because of the
challenges of employing the entire scientific method (i.e. testing of hypotheses).
In the absence of careful thought, over time such traditions become paradigms by
weight of representation, irrespective of their limited scientific or biological merits.
A final explanation is that data sufficient for developing rigorous, resource-based
definitions of habitat are unavailable. This real-world constraint does sometimes
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limit the application of even the best of habitat definitions, requiring the careful
use of surrogates (e.g. using proportion of hardwoods in the over story as a
surrogate for the specific hardwoods that produce hard mast); indeed, every habitat
definition we know relies on surrogates. Nonetheless, the uncritical use of surro-
gates, particularly given the rapid growth of remotely sensed land-cover data,
computing power, and the use of sophisticated analytical techniques, has produced
a large number of studies whose definition of habitat would seem to be “throw a
bunch of conveniently available environmental variables into the statistical hopper
and see what pops out.”

The prevalence of descriptive habitat definitions not linked to fitness suggests
both biological and scientific shortcomings in how we understand and study
habitat. Describing where animals live is not informative science; for robust
understanding that can lead to effective management and conservation, we need
to know why animals live where they do (Gavin 1991). For many species, including
a large and growing number of threatened carnivores, the consequences of poor
understanding or misguided conservation are real and strongly negative. Knowing
why an animal lives where it does is not just an academic exercise; we must bring
the best science possible to bear on problems that may ultimately prove insoluble if
we do not.

This chapter outlines our understanding of how to bring the best possible
science to bear on discerning why carnivores live where they do. We discuss the
concept of habitat, particularly as it applies to carnivores, whose resources con-
tributing to fitness are often mobile. And we will discuss how habitat for carnivores
can be quantified and its use interpreted. Finally, we discuss a study design that
uses sound logic and robust analysis to maximize strength of inference. We then
review some of the recent advances linking carnivore habitat to populations. We
suggest a way of thinking about, and studying, carnivore habitat that will improve
the efficiency of learning and the efficacy of conservation.

10.1 What is habitat?

The habitat definitions of Hall et al. (1997), Morrison (2001), and Sinclair et al.
(2005) are based on the classic notion of the ecological niche, whereby animals
select the resources and conditions that increase fitness (hence resource selection is
distinct from habitat selection). Individuals, populations, and species have habitat
and, consequently, habitat cannot occur without the animal. As with habitat, many
definitions of the niche exist but Grinnell’s original concept includes all subsequent
definitions. The niche is a property of a species, includes abiotic and biotic
components, is related to fitness, and includes long temporal and large spatial
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scales. Niche-based modeling has spurred recent investigation into explicit linkages
between the niche concept and use of habitat by animals (Pulliam 2000; Soberon
2007; Hirzel and Le Lay 2008). Another important contribution of niche theory to
habitat ecology is the distinction between fundamental and realized niches (Hutch-
inson 1957). An important consequence is that, unless we use experiments
(MacArthur 1967), as empiricists we almost always describe the realized niche,
or habitat, of a species. Under niche theory, populations have habitat but in
Figure 10.1 we can see clearly that habitat is hierarchical from populations to
individual foraging decisions by an animal. The concept of the niche is a good
starting point for understanding habitat in a way that can be applied across scales.

10.1.1 Potential, sink, quality, source, suitable, or critical?

What kind of habitat is it?

Following from the niche-based definition of habitat, habitat cannot just be a
geographical description of an area or piece of land. Certain conditions must be
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Fig. 10.1 Habitat occurs at multiple temporal and spatial scales; at the 1st order,
habitat selection scale of the persistence of the species, equivalent to the species’
niche; the 2nd-order, growth of local populations and seasonal and annual ranges of
individuals; 3rd order (short-term use of sites by individuals and social groups) and
finally; at the 4th order scale, where individuals make microscale foraging or selection
decisions. Source: Mayor et al. (2009)
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present for a species to survive and to reproduce. Hirzel and Le Lay (2008)
illustrated the relationship between habitat and its distribution in geographic
space (Figure 10.2). This approach to habitat helps us define several confusing
terms, such as source habitat, sink habitat, potential habitat, habitat quality,
suitable habitat, and critical habitat (Garshelis 2000; Pulliam 2000; Hirzel et al.
2002, Soberon 2007). First, presence of animals in an environment does not define
habitat because presence alone does not consider survival and reproduction. Thus,
environments where animals can occur, but where potential for survival is low and
reproduction absent, are sink habitats, and environments with sufficient resources
to support high survival and reproduction are source habitats (Figure 10.2). Note
that a sink habitat can be critical to a species if residents of a sink habitat emigrate
to a source habitat when a source population is low for reasons other than habitat.
Environments where members of a species could occur, but presently do not, are
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Fig. 10.2 Conceptual diagram of the relationship between habitat as defined by Sinclair
et al. (2005) and the geographic distribution of that habitat in space adapted from
Hirzel and LeLay (2008). (a) represents the relationship between intrinsic population
growth rate (r) and two ecological dimensions (such as lichen abundance, or snow pack).
Shaded areas indicate source habitat where population growth (r) is >0 (i.e. the
population is growing), and the area inside the solid dashed line is considered sink
habitat where species can persist, but only through immigration from an adjacent source.
The skull and crossbones represent areas where the species cannot persist. (b) Repre-
sents this environmental space translated to geographic space given spatial measure-
ments of the same resources for caribou in space. Shaded areas again represent source
habitat where the conditions present are favorable for species persistence. Note that r
here assumes density independence.
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potential habitats. Similar to the fundamental niche, measuring a potential habitat
well in field studies is almost impossible.

A habitat is of high quality (i.e. suitability) if individuals can experience high
survival and reproduction and, thus, the population has the potential for a high
growth rate. Note, however, that neither high nor low rates of survival and
reproduction are necessarily reliable indicators of habitat quality where vital rates
are density dependent; survival and reproduction could be high in poor habitat that
is sparsely populated and low in excellent habitat occupied by a population near
carrying capacity. Also, under the niche-based definition, the term “unsuitable
habitat” has no logical meaning: all habitat, by definition, is of various degrees of
suitability. “Non-habitat” is outside the solid dashed lines in Figure 10.2a, where a
species cannot persist. Under this definition, only habitat (where populations can
exist, with immigration for sink habitats) and non-habitat (where populations
cannot persist) can exist.

Finally, no stand-alone, biological definition of critical habitat exists because
“critical” implies importance for a specific goal or objective function. For
endangered species, the goal is most often making the species non-endangered
by reaching some recovery goal, but the target is a socially or politically defined
goal. Heuristically, however, we can imagine some smaller subset of the shaded area
in Figure 10.2 as being high-quality habitat that is sufficient for maintaining a
specific population size, given a geographic area and species’ life-history.

10.1.2 A fitness-based definition of habitat

The best understanding of habitat will explicitly relate resources to the survival and
reproduction of an animal. This is a conceptually satisfying understanding of habitat
because it proceeds from first principles, providing the mechanism that explains why
an animal does what it does. If we can understand the potential contribution of each
point in space to an animal’s fitness based on the resources found there, we can
evaluate the decisions an animal makes in its day-to-day activities (i.e. the behaviors
that we perceive as habitat use). Mitchell et al. (2002) presented such an approach,
originally developed by Zimmerman (1992) for black bears (Ursus americanus) in the
southern Appalachian mountains, presenting habitat as a “fitness landscape” (Box
10.1). The fitness landscape proved highly robust for predicting habitat selection of
black bears (Mitchell et al. 2002), effects of forest management on habitat use by
bears (Mitchell and Powell 2003a), and optimal selection of home ranges based on
the spatial distribution of resources (Mitchell and Powell 2007). Mosser et al. (2009)
linked a fitness surface to habitat variables for long-term studies of lions (Panthera
leo) in the Serengeti and showed a disconnect between habitats with high lion density
and habitats selected because they contributed the most to adult female survival and
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BOX 10.1 A habitat suitability model for black bears in the Southern

Appalachians

Black bears obtain most of their nutrition from seasonally available vegetation,
augmented by colonial insects, carrion, and rare acts of predation. In the southern
Appalachian Mountains of North Carolina during spring, black bears eat predomi-
nantly grasses, forbs, and a saprophytic parasite of red oaks (Quercus sp.), squaw
root (Conophilus americanus); berry-producing plants during summer; and hard-
mast producing trees during fall. Bears in the region eat anthropogenic foods but
suffer high rates of mortality near roads.

Zimmerman (1992; Mitchell et al. 2002) approached modeling habitat for black
bears in the region based on first principles, attempting to quantify those resources
and environmental attributes that contributed strongly to survival and reproduc-
tion. Zimmerman’s approach was based on the habitat suitability index paradigm
(Brooks 1997) but departed from it in some important respects. Drawing on
published literature, Zimmerman modeled a priori the values of 15 food, denning,
and escape resources important to bears (Table 10.1) and combined them into a

Table 10.1 Habitat components used to calculate a Habitat Suitability Index for

black bears living in the Southern Appalachians.

Habitat Component
Relationship to Fitness of
Bears Method of Sampling

Number of fallen logs/ha Abundance of colonial
insects

Field sampling

Anthropogenic food source Availability of food from
human point sources

Aerial/ground survey

Distance to anthropogenic food
source

Costs of traveling to
human food source

GIS

Distance between anthropogenic
food source and escape cover

Risk of acquiring food
from human sources

Topographic maps

Distance to perennial water Abundance of grasses
and forbs in spring

GIS

Percent cover of Smilax spp. Availability of fruit in fall Field sampling

Percent cover in berry species Availability of fruit in
summer

Field sampling

Presence of red oak species Availability of squaw root
in summer

Forest inventory data/
GIS

Forest cover type Availability of hard mast
in fall

Forest inventory data/
GIS

Age of stand Productivity of hard mast Forest inventory data/
GIS

(continued)
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Table 10.1 Continued

Habitat Component
Relationship to Fitness of
Bears Method of Sampling

Number of grape vines/ha Availability of fruit in fall Field sampling

Distance to nearest road Risk of encountering
humans

GIS

Area of conterminous forest not
bisected by roads

Risk of encountering
humans

GIS

Percent closure of understory Escape cover Field sampling

Slope of terrain Escape cover, availability
of caves for denning

GIS

Area in Rhododendron spp. or
Kalmia sp.

Availability of thickets for
denning

Aerial photo

Number of trees �90 cm DBH/ha Availability of large trees
for denning

Field sampling

0.00
0.06
0.12
0.18
0.23
0.29
0.35
0.41
0.47
0.53
0.59
0.65
0.70
0.76
0.82
0.88
0.94

Fig. 10.3 Zimmerman’s habitat suitability index (HSI) for black bears in the South-
ern Appalachians depicted as a fitness landscape for the Pisgah Bear Sanctuary in
western North Carolina. HSI values range from 0, poor quality, to 1, high quality.
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BOX 10.1 Continued

model that indexed habitat suitability on a scale from 0 (poor) to 1 (good; Figure
10.3). In a test of the model using independent data, the index predicted strongly
habitat selection by 81 telemetered bears, especially when escape resources were
removed (Figure 10.4), and helped to elucidate complex responses of bears to
habitat changes caused by forest management (Mitchell and Powell 2005). Used
as a currency for individual-based, optimal home-range models, the index facilitated
accurate prediction of the home ranges of 100 adult female bears (Figure 10.5;
Mitchell and Powell 2004, 2007). Winning no awards for parsimony, the index
nonetheless has yet to be improved; sensitivity analyses showed that no variable or
suite of variables dominate its predictions and no attempts to reduce the model have
resulted in improved predictiveness. The explicit linkages between resources and
their value to bears likely contributed strongly to the robustness of model predic-
tions across a variety of applications, making the map of model predictions a “fitness
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Fig. 10.4 Relationships between habitat use and Zimmerman’s HSI (a) and the HSI
without escape resources (b) for black bears in the Pisgah Bear Sanctuary, Pisgah
National Forest, North Carolina.
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cub production. This result emphasizes the long-understood, but seldom addressed,
flaw in equating density to quality (Van Horne 1983), i.e. where habitat quality is
high, a population has the potential to have high density but this potential may not
be realized for a number of reasons.

The notion of habitat as a fitness landscape, where the contribution to survival
and reproduction of resources at each point in space is made explicit, has concep-
tual appeal, but in practice can prove a daunting challenge. More often than not,
resources, such as specific food types, are difficult to observe or model over the large
landscapes that carnivores use, necessitating the use of surrogates. Thus, even in

BOX 10.1 Continued

landscape,” i.e. the potential contribution of each point in space to the survival and
reproduction of black bears (Powell 2004). The explanatory value of Zimmerman’s
model, beyond describing habitat selection by bears, highlights the merits of testing
hypotheses about fitness-based definitions of habitat.

Fig. 10.5 Estimated optimal home range (dots) superimposed over true home-
range (outline) of female bear 96 in 1984, Pisgah Bear Sanctuary, North Carolina.
Shades of gray depict Zimmerman’s HSI values (dark is low quality, light is high
quality) that served as the currency for home range optimization.
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Zimmerman’s (1992) model (Box 10.1), few resources were measured directly. For
example, the model used percent cover of berry-producing species as a surrogate for
productivity of berries. The use of these surrogates relied on assumptions about
their relationship to what they represented, and few ecologists would have diffi-
culty imagining circumstances under which those assumptions could be violated.
Nonetheless, as with any model, the relative merits of assumptions can only be
evaluated if the assumptions are stated. Contrast how assumptions can be evaluated
and tested in a model where fitness-based relationships are explicitly hypothesized
with those implicit yet undefined in a model that defines habitat simply as, say,
cover types. In the latter case, if a cover type is a perfectly predictive model for the
behavior of interest, a researcher or a manager cannot know why it was.

In effect, any mapped habitat model is either implicitly or explicitly a fitness
landscape representing a hypothesized or tested relationship between resources
available to an animal and how it uses them, whether or not this is recognized.
This fact should be dealt with explicitly and from the outset for any habitat model.
What fitness relationship is themodel intended to represent? Are those relationships
operant at the scale of investigation (e.g. it may make no sense to include resources
important to reproduction if observations used to build or test the model do not
include the breeding season)? Should others have been included and how does their
exclusion affect model performance? Under what circumstances could the assump-
tions of how the model captures fitness relationships be violated? A model that
cannot stand up to such scrutiny invites questions about the biology underlying its
predictions and, thus, about its usefulness for understanding or managing animals.

10.2 What is carnivore habitat?

Previous research on the habitat ecology of carnivores has focused too much on the
environmental variables that predict carnivore presence or density, and not on
variables with direct links to carnivore fitness. In the process, studies have often
neglected biological first principles defining what it is to be a carnivore. Many
carnivores are obligate predators; for these species, habitat definitions must include
explicit measures of biotic interactions with prey. Such measures must include
abundances and distributions of prey, and environmental characteristics that
facilitate capture of prey. Instead, hosts of studies relate occurrence, use, or
selection by carnivores to vegetation communities, digital elevation models,
remote-sensing variables, and other kinds of spatial variables easily obtained in a
geographical information system (GIS) framework. For example, Mace et al.
(1996) and Boyce and Waller (2003) examined habitat selection by grizzly bears
(U. arctos) in western Montana as a function of vegetation communities identified
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from Landsat-TM imagery combined with topographic and some human features.
Such an approach makes sense for omnivorous carnivores that rely heavily on
vegetative resources, and may even be useful at prediction. However, the merits of
these approaches are less certain for carnivores that are strongly reliant on mobile and
unevenly available prey. For example, vegetation communities and glacial features
explained little about use of space by wolves (Canis lupus) in the Canadian arctic
(McLoughlin et al. 2004); or by wolves in the Canadian Rockies (Hebblewhite et al.
2005). The assumptions that such variables are surrogates for availability of plant
forage for omnivores or of prey for carnivores are often unwarranted and infrequently
tested. That these habitat models, convenient to mapping, do not explain carnivore
behavior argues strongly for considering prey resources explicitly. Few studies of
habitat for carnivores include availability of prey species, fundamental to the persis-
tence of carnivores. Themain factor driving densities of obligate carnivores is food, i.e.
the density or availability of prey. (Miquelle et al. 1999; Fuller and Sievert 2001;
Carbone and Gittleman 2002; Fuller et al. 2003). The ratio of carnivore to prey
biomass scales to the reciprocal of carnivore mass (Figure 10.6, Carbone and Gittle-
man 2002). We do not argue that non-prey resources are irrelevant. Moorcroft et al.
(2006), for example, showed that coyotes (Canis latrans) avoided scent marks from
conspecifics in Yellowstone National Park; even in this case, however, prey density
explained much of the variation in coyote movements. Thus, if we wish to define
habitat in a manner that helps us understand why obligate carnivores do what they
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Fig. 10.6 Carnivore density (#/100km2) as a function of prey biomass for tigers (solid
circle and line); lion (gray), leopard (open/dashed), and Canadian lynx (*/—). Source:
Carbone and Gittleman (2002).
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BOX 10.2 Empty forest syndrome: comparing predictions from Amur tiger

habitat models with and without measures of ungulate prey availability

The forests of Asia are “empty” of large ungulate prey for tigers, leading biologists to
coin the term “empty forests” syndrome (Karanth et al. 2004a; Datta et al. 2008).
This syndrome occurs when environmental, structural aspects of tiger habitat are
present (forests, water, stalking cover) but the most critical factor, large ungulates,
are not. The main cause for “empty forests” is overhunting and poaching, which
leaves forests depopulated of sufficient ungulate prey for tigers (Miquelle et al.
1999; Karanth et al. 2004b). In this case-study, we illustrate the effects of empty
forest syndrome on predictions from resource selection function (RSF) models
developed for the Amur tiger in the Russian Far East. Basic study design is a
used–unused design, whereby large units where tigers were detected during inten-
sive winter snowtrack surveys during winter 2005 were compared to unused units
using logistic regression. This used–unused design corresponds to a true probabil-
ity. Miquelle et al. (2006) provided details of data collection.

The full analysis was conducted as part of predicting habitat for Amur tigers
expanding their range from Russia into the Changbaishan region of NE China (Li
et al. 2009). Russian biologists tracked Amur tigers in the snow during winter
surveys and also collected data on the tigers’ main ungulate prey species: sika deer
(Cervus nippon), roe deer (Capreolus capreolus), red deer (C. elaphus), wild boar (Sus
scrofa), musk deer (Moschus spp.), and the rare moose (Alces alces). Data of similar
resolution were not available in the Chinese portion of the study area. Hence, we
were interested in quantifying the effect of not including prey availability in RSF
models. We developed a two-staged approach to examine the effects of ungulate
prey on habitat modeling by (1) developing an “environmental” RSF model,
including surrogate environmental variables, such as land cover, elevation, net
primary productivity, and snow cover from MODIS satellites (Huete et al.
2002), that would be expected to correlate with prey distribution; and (2) develop-
ing a “biotic” RSF model that also included track density of the main ungulate prey
species. Modeling details were similar to Box 10.1.

The overall biotic RSF model was significant (Likelihood-ratio ratio w2 = 125�5,
p < 0.00005) and demonstrated good model fit (Hosmer and Lemeshow goodness
of fit test, test, w2 = 8�45, p = 0.35), and had better explanatory power, discrimina-
tory power, predictive capacity than the environmental model (Table 10.2). More-
over, in a model selection sense, the biotic model was over 10,000 times more likely
to be a better model compared to the environmental model (ratio of Akaike weights
of the two models). Clearly, knowledge of ungulate distribution and relative
abundance improved the ability of the model to predict tiger habitat. The biotic
model had superior discriminatory ability at predicting tiger habitat as measured
by an average ROC, pseudo-R2, and the k-folds cross-validation procedure
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BOX 10.2 Continued

(Table 10.2). ROC scores between 0.8 - 0.98 are indicative of excellent discrimi-
natory ability, echoed with the very high k-folds spearman rank correlation of
0.881. The biotic model provided a higher overall classification success for survey
units of 72%. Briefly, tiger’s selected areas with high densities of sika deer, red deer,
and wild boar in the ungulate model. Li et al. (2009) provided full details.

We compared the predicted distribution of tiger habitat probabilities between
the two models (Figure 10.7). This comparison shows that without taking ungulate
densities into account, the environmental model overpredicted the amount of

Table 10.2 Amur tiger resource selection function model diagnostics and covariate

structure for the best environmental covariate RSF model and the best ungulate RSF

model in the Russian Far East during winter 2004/2005. The top habitat and

ungulate models are compared using AIC, ROC, pseudo-R2, and k-folds spearman

rank correlations.

AIC ROC Pseudo-R2 k-folds

Environmental Covariate RSF Model 594.7 0.71 0.12 0.712

Ungulate RSF Model 531.8 0.89 0.25 0.881
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Fig. 10.7 Relationships between the probability of tiger selection and ungulate
track counts for red deer, sika deer, and wild boar from resource selection function
modeling for tigers in the Russian Far East, winter 2005. Resource selection was
assessed at the sample unit scale (135 km2), and the best linear predictions from
the logistic regression model from Equation 10.1 are shown against observed
sample-unit scale predictions (Pr(tiger selection)).
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do, including prey availability should be the critical first step in addressing carnivore
habitat ecology.

To be fair, quantifying the availability or abundance of prey across large spatial
scales for most carnivore species is difficult. This is the main reason why surrogates,
such as vegetation type or land-cover classifications from remote sensing, are often
used, despite few tests of these surrogates. Numerous recent studies have attempted
to integrate availability of prey resources into habitat-selection models for carni-
vores, however, and offer great promise for connecting habitat selection to popula-
tion processes. Hierarchical analyses of habitat selection by Amur tigers (Panthera
altaica) for the five main prey species available in the Russian Far East showed that
it was the distribution of their main prey, not vegetation communities per se, that
limited tiger “habitat” (Miquelle et al. 1996, 1999). Explicitly linking habitat
selection by tigers to their ungulate prey (and hence to tiger fitness) made the
case for controlling one of the main ecological reasons driving carnivore population
decreases—poaching of ungulate prey (Miquelle et al. 1999; Chapron et al. 2008).
Failure to include a biotic definition of habitat is the cause of the “empty forest
syndrome” discussed in Box 10.2. This example illustrates the conservation costs of
using poor, vegetation-only, definitions of habitat for obligate carnivores, and
makes a convincing case for relating fitness directly to prey abundance.

BOX 10.2 Continued

“high-quality” habitat available for tigers compared to the biotic model. The
consequences of this overprediction was a poor Spearman rank correlation between
the frequency of tigers and high-ranked categories of tiger habitat (environmental
model Spearman rank correlation, rs = 0.71, biotic model rs = 0.88). Therefore,
even on the Russian side of the border, environmental covariates were not adequate
spatial surrogates for ungulate data, and did not adequately capture the determi-
nants of ungulate distribution and abundance, resulting in an optimistic prediction
of the amount of high quality tiger habitat available. Results of our extrapolation of
the environmental model to areas without similar prey density data should overes-
timate the availability of “high” quality tiger habitat in a similar fashion.

Unless we explicitly model the key resources for carnivore—namely, their prey—
we risk creating habitat models for carnivores that are overly optimistic and leave
out the key fitness-drivers of population dynamics. In the case of tigers, the recent
criticisms of Project Tiger in India especially emphasize the critical conservation
importance of these mistakes. Many of the tiger reserves created especially for tigers
are devoid of the large prey that tigers need, driving tiger densities down to the
point where many tiger reserves are devoid of tigers, too.
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Because many carnivores are threatened or limited by human activity, many
studies include the biotic interaction with humans as an important influence on
carnivore habitat. Thus, humans reduce habitat, changing the relationship between
fundamental and realized niches of carnivores on a landscape. Conceptually,
reducing conflict with humans would restore great amounts of “potential” habitat
for many carnivore species. Researchers have investigated effects of humans and
human developments on many carnivores, often focusing on roads. Gray wolves,
cougars (Puma concolor), jaguars (Panthera onca), Amur tigers, Tasmanian devils
(Sarcophilus harrisii), grizzly bears, and black bears all show that roads may be
important limiting factors in the environments of these carnivores (Thurber et al.
1994; Mladenoff et al. 1995; Jones 2000; Gibeau et al. 2002; Dickson et al. 2005;
Hebblewhite et al. 2005; Carroll and Miquelle 2006; De Azevedo and Murray
2007; Reynolds-Hogland and Mitchell 2007a; Cushman et al. 2009). Often, the
effects of human persecution depend on context. In National Parks in Alaska and
Alberta, for example, gray wolves do not avoid human activity inside protected
areas, but show typical avoidance of human activity outside (Thurber et al. 1994;
Hebblewhite and Merrill 2008). This context dependency explains recent debate
about the mechanisms of road avoidance in the Great Lakes region of North
America (Merrill 2000; Mech 2007). Thus, simply including human biotic inter-
actions with surrogate variables, such as road density or distances to roads, may not
capture the mechanisms of carnivore–human relationships.

10.3 Measuring habitat use and selection by carnivores

At least some of the confusion about habitat-selection studies can be attributed to
the bewildering number of ways that carnivore ecologists can design habitat
ecology studies: habitat suitability indices, resource-selection functions, resource-
selection probability functions, resource-utilization functions, compositional anal-
ysis, environmental niche factor analysis, occupancy modeling, classification and
regression trees (CART), genetic algorithm for rule-set prediction (GARP), maxi-
mum entropy, Mahalanobis distances, and the list goes on. Arguments and con-
fusions within the literature (Boyce et al. 1999; Keating and Cherry 2004; Johnson
et al. 2006) about the nature of statistical tests of habitat selection, while important
from a statistical viewpoint, do nothing to remedy the confusion for the practi-
tioner. Rigorous review of the statistical bases for all methods is outside the scope of
this chapter. Instead, we review the importance of critical considerations often
ignored: question-driven research, theoretical foundations for selectivity, scale-
dependency of ecological processes, effects of density dependency, study design,
and the relationships between different classes of habitat modeling approaches.
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10.3.1 The over-riding importance of questions

Any habitat model is an answer to a specific question about causal relationships
between an animal and its environment, whether the question is stated or not.
Without well-stated questions about these causal relationships, however, analytical
answers have limited or no meaning (much less usefulness). Yet the literature on
habitat studies is replete with answers for apparently one unasked question: what
is habitat for animal X? This approach presumes that understanding why the
animal is where it is, is not important, and the approach does not reveal causation
for observed effects. Such descriptive habitat models might pose credible explana-
tions for why animals are found where they are, but until such models are tested,
their credibility is unconfirmed and the cause and effect relationships implicit
within them are hypothetical. Unfortunately, confirmed causes for why animals
exist where they do are critical for conservation and recovery of a species, and
underlie habitat-based conservation. The scientific method, fully employed, offers
a comprehensive mechanism for understanding cause and effect habitat relation-
ships. Nonetheless, surprisingly few habitat studies make complete use of the
hypothetico-deductive logic it embodies. By far the most common approach to
modeling habitat is to construct statistical models and to interpret their biological
meaning a posteriori (i.e. the first two steps of the scientific method), resulting in
the generation of untested hypotheses about causation. To conclude causation
from an a posteriori hypothesis is to make the logical error of affirming the
consequent (Williams 1997). Until an a posteriori hypothesis is tested using
independent data (i.e. the remainder of the scientific method), its credibility and
usefulness is no greater than the myriad other, equally credible, a posteriori
hypotheses that could have been used to explain the same patterns.

Logically, causation can only be established by testing hypotheses, whereby
predictions from hypotheses derived empirically (e.g. from previous observations
or studies) or theoretically are compared to observations to determine their capacity
to predict empirical patterns; doing so can provide evidence for causation in two
ways that differ in their level of logical support. Hypotheses that are supported in
classic experiments, where the magnitude of effects are evaluated both in the
presence of hypothesized causes (e.g. environmental attributes in the case of habitat
studies) and where the causes are known to be absent (i.e. the control), provide
evidence of sufficient causation, wherein presence of the cause was alone sufficient
to produce an observed effect (Williams 1997). A common, but misguided,
justification for a posteriori analyses in habitat studies is that causation cannot be
established in ecological research because classic experiments are difficult to con-
duct. Controlled experiments, however, are not the only means to establish
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causation. Necessary causation can be established using observational studies, where
the magnitude of effects are evaluated only where hypothesized causes are present
and not where they are absent (generally the case for ecological studies); in these
cases, a supported hypothesis indicates that the proposed cause produced the
observed effect, at least in part, but other possible causes that were not evaluated
cannot be excluded (Williams 1997). Whereas establishing necessary causation
lacks the inferential strength of finding sufficient causation, it far exceeds the
logical rigor of generating an untested hypothesis that establishes no causation at
all. Testing meaningful, a priori hypotheses always provides stronger inferences
on the cause and effect relationships that underlie habitat selection, than failing
to do so.

Few circumstances exist where a researcher should choose to generate hypoth-
eses rather than test them. For the vast majority of habitat studies, the empirical
and theoretical fodder for constructing excellent hypotheses is vast, though often
neglected in favor of sophisticated statistical approaches to generating a posteriori
models. However sophisticated the means for generating an a posteriori habitat
model might be, though, what can be learned from such an untested hypothesis is
logically limited, compared to what can be learned through the test of any carefully
considered a priori habitat model, however simple. We argue that the best
approach to developing a robust understanding of carnivore habitat is to do a lot
of thinking in advance of collecting a single data point, figuring out what the
relevant questions motivating the study really are, and developing hypothesized
answers to those questions that can be tested using field observations. Doing this
thinking will increase inferential strength for the study; it will also allow effective
planning for the data needed, the necessary sample sizes, the hardware required, the
analytical framework, etc., needed to maximize study success and effectiveness of
conservation applications based on the research.

10.3.2 Why should carnivores be selective?

A fundamental but rarely considered question for those who embark on habitat
study is “why do we expect that habitat should predict animal behavior or
population dynamics?” The clear answer is that natural selection has shaped
behavior of animals to be selective, and that they will generally choose to exploit
those places providing the resources that most contribute to their fitness. Without
this assumption, no reason exists for quantifying relationships between behavior
and habitat. Nonetheless, the theoretical foundations underlying the assumption
are often completely ignored or even denied. The discipline of optimal foraging
(Pyke et al. 1977; Pyke 1984; Stephens and Krebs 1987) is devoted to exploring
precisely the fitness-based behaviors assumed in habitat analyses. Habitat research,
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in fact, is no more than a subdiscipline within optimal foraging, yet habitat studies
rarely take advantage of the rich theoretical and empirical background available to
them from this field of inquiry.

When applied to habitat selection, the optimal-foraging approach explains both
the central tendencies we expect to see (optimizing phenotypes), and the variation
around those central tendencies (e.g. error associated with learning through iter-
ated experiences, extrinsic influences of competition, variation in resource produc-
tivity, etc.). The challenge common to studies of both foraging decisions and
habitat selection is discerning the expression of the optimizing phenotypes amidst
the processes that shape and influence them. Generally, habitat studies pursue a
straightforward, if simplistic, approach to this question, using proportional use as
an indicator of habitat value. This is directly analogous to Charnov’s (1976a)
model of optimal choice of prey, whereby proportions of different prey types in a
predator’s diet result from an iterated decision-making process that maximizes
profitability of the diet by weighing the benefits of consuming an encountered prey
against the costs of capturing it. Note, however, that whereas the prey model is
explicit about the economic mechanism determining the proportional representa-
tion of prey types in a diet, habitat analyses assume such mechanisms result in
disproportionate use of habitat features without specifying what they are; dispro-
portionate habitat-use is thus taken as prima facie evidence of selection. This is a
safe assumption when proportional use of habitat characteristics differs from that
available and extrinsic factors, such as predation, competition, and population
density, have little effect on habitat use. The absence of mechanistic explanations is
problematic for forecasting or extrapolating, however, where such factors play
important roles.

Using a fitness-based definition of habitat based on resource distribution and
productivity promotes quantifying the benefits of selecting habitat characteristics
(for a rare example, see Andruskiw et al. 2008), but costs and constraints that also
influence selection can be more difficult to quantify. Finding the means to identify
and to measure these costs and constraints on optimal use of resources is one of the
defining challenges for the future of habitat studies. Inevitably, costs and con-
straints of habitat use will be measured as imperfectly and indirectly as the benefits.
Nonetheless, even simplistic measures of costs and constraints offer strong explan-
atory improvement to habitat models. For example, relatively coarse measures of
resource depression, travel costs, and conspecific avoidance have strong explanatory
power in predicting how animals balance costs and benefits of habitat use in their
selection of home ranges (Mitchell and Powell 2004, 2007; Moorcroft and Lewis
2006; Moorcroft et al. 2006; Moorcroft and Barnett 2008; van Beest et al. 2010).
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10.3.3 The importance of scale

Habitat is inherently scale-dependent (Figure 10.1). When considering scale, most
habitat researchers immediately think of Johnson’s (1980) nested scales of habitat
selection, including 1st order (geographic range of the species), 2nd order (place-
ment of home ranges within the range of the species), 3rd order (use of habitat
patches by an individual within its home range), and 4th order selection (foraging
within patches). These scales outline a continuum of behaviors producing ecologi-
cal patterns that depend on the geographical and temporal scales of observation.
Johnson’s scale, however, is categorical, whereas space and time are continuous.
Thus, even within Johnson’s scales of habitat selection, observations and therefore
inferences can vary strongly depending on the spatial and temporal scales of
observation (Figure 10.1). The important context of spatial and temporal windows
of observation is often misunderstood or ignored when modeling habitat (Boyce
2006). Because this context drives the robustness and usefulness of habitat models,
a researcher needs a strong understanding of the variation in the ecological
processes driving habitat selection during observations. Thus, space and time
define a window of observation within which ecological processes are often
uniquely expressed. Conceptually, this is intuitive: observing an animal during a
single day precludes extrapolation of its behavior over a year. Intuitiveness can
break down, however, when explanatory patterns at one spatio-temporal scale are
absent, completely different, or even reversed at another scale.

Knowing a priori how a spatio-temporal window of observation or application
frames what can be learned about ecological processes is challenging. Hierarchy
theory (Allen and Starr 1982; O’Neill et al. 1986; King 1997) offers a conceptual
framework for inferring a priori mechanisms, whereby ecological processes are
understood in terms of both lower level mechanisms and higher level constraints. A
researcher can begin designing a study by placing his or her question on the spatio-
temporal continuum of ecological processes (Figure 10.1) and asking whether the
spatial and temporal extents required to answer the question are feasible for study.
If not, how could the question be changed so that its answer can be found within
an ecological process observable within realistic constraints on time and space?
Perhaps this seems obvious, but it can be argued that the spotty predictive record
for habitat models (Garshelis 2000) can at least in part be attributed to failure to
acknowledge hierarchical structure of ecological systems, whereby decisions by
animals influencing their use of habitat at broad temporal or spatial scales were
naively modeled using data collected over short time periods and within small
spatial extents. Additionally, studying a phenomenon at one scale, and assuming
that it scales up or down linearly to another, presumes a perfectly nested hierarchy
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with no emergent properties across spatial and temporal scales. This presumption is
highly questionable in ecological systems (Allen and Starr 1982; O’Neill et al.
1986; King 1997). To avoid such outcomes, Reynolds-Hogland and Mitchell
(2007b) suggested that habitat studies could be conceptually organized according
to hierarchy theory using three intersecting and interdependent axes: time, space,
and ecological process of interest. The ecological axis is, by definition, hierarchi-
cally organized, such that any point selected along that axis has a correspondingly
appropriate intersection point on the time and space axes. A shift in any one of the
axes (e.g. a smaller temporal window of observation, or a different resolution for
the ecological process) requires concomitant shifts in the other axes.

Results of habitat studies are extremely scale-dependent. Failure to acknowledge
and plan for such dependency can result in misleading inferences (Boyce 2006).
Understanding the hierarchical organization within an ecological system before
attempting to tease out its processes in space and time is essential for successful,
applicable habitat research.

10.3.4 Density dependence and habitat selection

The effects of population density on habitat selection are important yet underap-
preciated (Fretwell 1972; Rosenzweig 1981; Haugen et al. 2006; McLoughlin et al.
2010). Extending optimal foraging-type models, Fretwell (1972) showed that, for
animals foraging to increase fitness, habitat (patch) selection would be affected by
the density of conspecifics in a density-dependent fashion. Given the two basic
assumptions, that individuals have “ideal” knowledge about the distribution of
resources and that they are “free” to move between patches to maximize fitness, as
density increases, animals will select patches in a frequency dependent fashion that
equalizes realized fitness among individuals. This scenario results in an evolution-
ary stable strategy, where individuals make the best of a bad situation as density
increases and no individual can achieve higher fitness. The density ratio between
two patches at ideal free distribution is the habitat “isodar,” which reflects differ-
ences in demographic quality between habitat patches (Morris 2003a, 2003b). The
“ideal free distribution” predicts habitat selection for a wide variety of species
(Oksanen et al. 1995; Beckmann and Berger 2003; Haugen et al. 2006; Griffen
2009). Unfortunately, the ideal free distribution has been tested only once for
carnivores (black bears; Beckmann and Berger 2003), yet many studies assume
density equates to fitness, clearly not the case under this form of habitat selection.
Testing predictions of ideal free distribution theory should help carnivore ecolo-
gists understand the mechanisms governing habitat selection, even when animals
clearly are neither ideal nor free.
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As an extension of the ideal free model, consider territorial animals that are not
“free” to move. Here, animals are divided into territory holders and non-territorial
animals. Territory holders take the best real estate for themselves and achieve high
fitness payoffs, making an “ideal despotic distribution” (Fretwell and Lucas 1970)
in which density and fitness are not necessarily equal. The ideal despotic model has
predicted spacing of Serengeti lions (Mosser et al. 2009), male black bears in
California (Beckmann and Berger 2003), wolves in Yellowstone National Park
(Kauffman et al. 2007), and other carnivores. Unfortunately, few studies, and
almost none with carnivores, have examined (or acknowledged) the potential role
of density in shaping habitat selection. Habitat selection by carnivores should
change in density dependent fashions.

10.3.5 Understanding habitat selection: study design

Selection implies a behavior shaped by natural selection, whereas use is the
observed outcome of that behavior. Some research questions lend themselves to
understanding patterns of use, such as utilization distributions (Millspaugh et al.
2006), analyses of the amount of use (North and Reynolds 1996), and hazard
models of resource use rates (Freitas et al. 2008). Understanding the process of
selection, however, provides the only opportunity to address why or how a
particular pattern of habitat use is achieved, particularly given the multiscale nature
of habitat. For this reason, we focus on selection, studying the use of resources by
an animal and also what resources could have been used but were not. Two main
different sampling protocols underlie almost all habitat-selection studies: compar-
ing (1) used resources with unused resources, or (2) used resources with available
resources. A third design compares unused resources with available resources
(Manly et al. 2002) but we know of no example of this design.

Used–unused (presence–absence) designs are perhaps the more powerful and
straightforward for habitat-selection studies because we can use any number of
statistical frameworks to compare attributes of used versus unused units and we can
make inferences about utility of habitats from the resultant statistical functions.
A common statistical framework for comparison is logistic regression, which uses a
binary response variable for used and unused (Hosmer and Lemeshow 2000).
When density or counts are modeled, generalized linear modeling (GLM) frame-
works, such as Poisson, probit, zero-inflated Poisson, or zero-inflated negative
binomial models are used (Guisan et al. 2002; Manly et al. 2002; Nielsen et al.
2005). Common used–unused data include remote-camera trapping (animals are
either photographed or not-photographed); vegetation plots where plants are either
present or absent, eaten or not eaten; mark–recapture trapping, photographing,
and DNA sampling; and aerial surveys where animals are seen or not seen. The key

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

238 | Carnivore Ecology and Conservation



here is that a survey unit was sampled and had a probability of either containing the
animal (i.e. p) or not containing the animal (1 – p), and that sampling had no bias.

When animals occupying a unit may not be observed, resulting in a false
absence, then detection probability <1 (MacKenzie et al. 2005; see Chapter 4).
Occupancy models that explicitly incorporate detection probability into the habi-
tat model are beneficial, especially when detection probability itself is a function of
habitat (MacKenzie et al. 2005; Hines et al. 2010). To estimate probability of
detection, repeated sampling of units is required. For example, when a carnivore
that is detected in 3 out of 5 surveys of a sample unit, detection probability is 3/5,
or 0.6, and the probability is 0.4 that the carnivore occupies units where it was not
observed (under a set of assumptions, MacKenzie et al. 2005). Marucco and
McIntire (2010) used this approach with wolves. If detection probability is
constant, or if multiple sampling is not conducted, then the used–unused design
reduces to the use–availability design. In this case, relative probability of detection
is estimated, which is still extremely useful for conservation and management.

Use–available (presence-only) design only has information about where animals
used habitats (Pearce and Boyce 2006). Radio-telemetry studies are perhaps the
most common method used to collect such data, and use–available designs
are among the most common for analysis of habitat selection. Other studies with
the use–available design include studies of animal distributions from museum
collections (Pearce and Boyce 2006), aerial surveys where detection probability
<1, scat analyses, and track count surveys. Resource selection functions (RSFs) and
environmental niche factor analysis (ENFA or niche-factor analysis, Hirzel et al.
2002) are used commonly to compare used and available locations. Niche models
are identical to RSFs from a study design perspective because used locations are
compared to what is available within some defined study area. Thus, distinctions
between different use–available designs are often false.

The distinction between a use–available design and used–unused design, how-
ever, can sometimes be tricky and often researchers can adopt both designs with the
same data. For example, researchers conducted surveys over 10-km2 grid cells in
northern Ontario for wolverines (Gulo gulo), recording the presence or absence of
wolverine tracks (Krebs et al. 2004). Their goal was first to describe the distribution
and occurrence (use) of wolverines, yet this rich dataset clearly could be used with
habitat-selection models. Both a used–unused design (units with and without
wolverine tracks) or a use–available design (units with wolverine tracks versus the
entire study area) could be adopted. Moreover, in this case, a used–unused design
could be extended to a true occupancy model because sites were surveyed multiple
times and detection probability could be estimated. Which study design is the
“best” to use in this case? The answer depends on the research question. If knowing
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a relative probability is sufficient for conservation, then a used–available design is
fine. If the true detection probability is needed, then the additional costs of
collecting multiple sampling rounds was worth doing.

Within these two broad categories of study designs in habitat-selection studies,
data can be collected and inferences applied among populations and individuals
levels on at least three levels. Often, researchers collect data on wildlife only at the
population level with no information about individual patterns of use, non-use,
and availability. Manly et al. (2002) called this Design I (see Chapter 11).
Common examples include aerial surveys, track or scat transects, distance sam-
pling, diet selection based on scats, 2nd order scale (Johnson 1980) comparisons of
resources used within animal home-ranges compared to what they could have used
across the whole study area. In this design, animal observations occur at the
population level and data include what animals did not use or was available to
them. In Design II, inferentially between the population and individual level,
resource use by individual animals is recorded but not where individual animals did
not occur, or what was available to individual animals. Availability is measured at
the population-level. An example includes observing individual bighorn sheep on
aerial surveys or distance sampling and comparing their individual use of resources
to that which was available to the entire population (Manly et al. 2002). For
Design III, use and availability or lack of use is known at the individual level.
Radio-telemetry is the most common tool for this design. An example is habitat
selection by individually snowtracked wolves, compared to availability sampled
along individual movement paths (Whittington et al. 2005). Costs and benefits of
the different study designs depend on the research question and cost. Design I
studies are often relatively inexpensive but lack mechanistic insights into why
carnivores select habitat.

10.3.6 Using resource-selection functions and other approaches

In the North American literature, resource selection functions (RSFs) have gained
prominence in habitat-selection studies (Boyce and McDonald 1999; Manly et al.
2002), although they are conceptually identical to niche-factor analyses that
compare presence-only data to availability within a fixed study area. Other model-
ing approaches include maximum entropy models (MAXENT, Peterson and
Robins 2003; Phillips and Dudik 2008), habitat suitability index models (Brooks
1997), and occupancy models (MacKenzie et al. 2005). Manly et al. (2002)
defined RSFs as any function that is proportional to the probability of use, so
this broad definition encompasses almost all other types of habitat models that
could be conceived.
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For the most common used–unused study designs, the used and unused sample
units are commonly contrasted with logistic regression using the following equa-
tion (used–unused):

ŵðxÞ ¼ exp ðb0 þ bX Þ=
�
1þ exp ðb0 þ bX Þ

�
;

where ŵðxÞ is the probability of selection as a function of variables xn, b0 is the
intercept, and bX is the vector of the coefficients b̂1x1 þ b̂2x2 þ :::þ b̂nxn esti-
mated from fixed-effects logistic regression (Manly et al. 2002).

In applying the used–unused design, ŵðxÞis a true probability and is referred to
as the resource selection probability function (RSPF).

For the use–available design, the resultant function is a relative probability, and
is estimated using:

ŵ � ðxÞ ¼ exp ðbX Þ;
where ŵ � ðxÞ is the probability of selection as a function of variables xn, and bX
is the vector of the coefficients b̂1x1 þ b̂2x2 þ :::þ b̂nxn estimated from fixed-
effects logistic regression (Manly et al. 2002).

In the use–available design, because the true sampling fraction is unknown, the
prevalence of use, or the absolute amount of use, cannot be estimated and, hence,
the intercept is meaningless.

RSFs have been commonly used to develop a posteriori statistical models to
describe habitat (i.e. to generate hypotheses) but they also lend themselves readily
to hypothesis testing, as do other modeling approaches. The selection of environ-
mental variables, xn, for inclusion in RSF analyses implicitly reflects hypothesized
contributions of habitat characteristics to selection. Stating these hypotheses
explicitly makes clear their biological justification for inclusion in a habitat
model; the proximity of coefficients, b̂n to 0 (i.e. whether 0 is included in the
confidence intervals for b̂n) and their relative magnitude estimated by logistic
regression, thus, represent tests of the hypothesized contribution of each variable
to habitat selection. Hypotheses about the relative importance of specific habitat
features to specific carnivores, and about the importance of combinations of those
features, can be tested by evaluating competing multivariate RSF models (using
Akaike’s Information Criterion, AIC; Burnham and Anderson 2002). Ciarniello
et al. (2007) demonstrated a novel way of testing hypotheses through cross-
validation of RSFs generated for the same species at different study sites. Testing
the ability of an RSF generated on one dataset to predict observations for an
independent dataset remains the most robust means of using RSFs to test the
hypothesized causes and effects of habitat relationships.
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Considerable debate about RSFs has centered on the statistical mechanics and
the interpretation of functions estimated from use–available designs. The problems
are that contamination arises because some available points may actually contain
used points and that the overall prevalence in a logistic model with a use–available
design is unknown (Keating and Cherry 2004). These problems exist, but so long
as the output from a logistic regression based on use–available design is treated as
relative, resources or habitat quality can be interpreted validly (Johnson et al. 2006;
Lele and Keim 2006). The debates, unfortunately, have taken focus away from the
ecology of habitat selection (McLoughlin et al. 2010). Readers can read the
relevant literature (Boyce and McDonald 1999; Manly et al. 2002; Johnson
et al. 2006; Lele and Keim 2006).

Researchers should adopt a particular modeling approach only if it is useful.
A researcher must know how a model will be used and have some way of measuring
the predictive accuracy, precision, or generality of the model. To measure the latter
for used–unused models, typical logistic regression diagnostics apply; for use–
available designs, the problems of defining availability renders these approaches
suspect (Boyce et al. 2002). Regardless, cross-validation, both with internal and
external data, is necessary to test the predictive accuracy and utility of a habitat
model (Roloff et al. 2001; Boyce et al. 2002; Johnson and Gillingham 2005;
Johnson et al. 2006). Cross-validation also provides insight into how robust a
habitat models is to aspects of study design, such as autocorrelation, non-indepen-
dence, multicollinearity, and sample size (Manly et al. 2002; Johnson and Gilling-
ham 2005; Gillies et al. 2006). Typically, in a k-fold procedure, a researcher divides
data into k-partitions and cross-validates the predictive capacity between observed
frequency of use and predicted frequency of use across the partitions of the data.
This is internal cross-validation because the data used to generate the model is used
to test different “versions” of the model. Conceptually, this is similar to evaluating
model fit with the coefficient of determination, and gives a measure of how well the
data are explained by the model. Boyce et al. (2002), however, showed substantial
annual variation in predictive ability of RSF models for boreal songbirds, throwing
caution on the utility of the “average” year model in predicting distribution over
time. In addition, biased datasets may show good internal validation despite being
ecologically wrong.

Obviously, a far better way to test generality, accuracy, and precision of a model
is to compare model predictions to independent data, i.e. external validation.
Independent data can be collected in different years, different study areas, and
with different technology (e.g. GPS vs. VHF data). Ultimately, only the test of
time reveals how “useful” a particular habitat model is. In perhaps the best example
of model validation, Mladenoff ’s et al. (1999) tested a previously developed RSF
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for the expanding gray wolf population in the Great Lakes states of the US against
new data collected later. The initial RSF model predicted accurately the wolf
distribution 5 years later (Figure 10.8). More often, model validation reveals
systemic problems with the model, such as poor prediction across individuals, or
spatial differences in habitat selection that suggest selection may vary systematically
as a function of some biological gradient (called functional responses in resource
selection, Mysterud and Ims 1998).

10.3.7 Functional responses in resource selection

One extremely important ecological mechanism is the variation in the strength of
selection as a function of availability. Such functional responses in resource
selection for spatial variables (habitat) may be extremely common in carnivores,
and parallel the concept of frequency dependence in non-spatial selection of prey,
which has been recognized for a long time (Greenwood and Elton 1987). Func-
tional responses address how selection for a spatial resource should change as that
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Fig. 10.8 Spatial predictions of gray wolf habitat in the American Midwest by Mladenoff
et al. (1999) made using data from 1979–92 (wolf pack polygons in white) tested
against observed distribution of new packs (black boundaries) observed during
1993–98. Model fit was remarkably high, and the model was able to predict colonization
of new smaller patches previously unused by wolves. Source: Mladenoff et al. (1999).
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resource changes in availability (Mysterud and Ims 1999). For example, selection
for oak forests (and, presumably, the productivity of acorns) by gray squirrels
(Sciurus carolinensis) declines with increasing availability of oak forests on the
landscape (Mysterud and Ims 1999). Functional responses should be common
whenever animals make a tradeoff between two resources, or when thresholds exist
for resources. Understanding functional responses in resource selection, therefore,
allow researchers to develop habitat models that are general, flexible, and able to
predict resource selection in novel settings (Matthiopoulos et al. 2011). Applica-
tion of mixed-effects models to the study of resource selection enables researchers
to investigate functional responses across individuals (Gillies et al. 2006).

Two important studies of carnivores relate show how functional responses
in resource selection relate to frequency-dependence. As the availability of land
increases in polar bears’ (Ursus maritimus) home-ranges, bears select for ice closer to
land, which affords greater hunting opportunities, (Mauritzen et al. 2003a), typical
of a tradeoff between areas good for hunting and areas good for resting. An analysis
of functional responses of wolves to human activity helped Hebblewhite and
Merrill (2008) to synthesize conflicting results of wolf–human interaction studies.
Previous studies of wolves’ responses to roads showed attraction, ambivalence, and
avoidance. Such results caused Mech et al. (1988) to conclude that wolves showed
no consistent responses to human activity. What previous studies had not done,
however, was address how selection changed as a function of the availability of
human activity. Hebblewhite and Merrill (2008) found that avoidance of human
activity by five wolf packs living in different human activity levels, depended on the
overall amount of human activity in their pack territories. Packs with little human
activity in their territories showed weak or no responses, whereas packs with high
human activity showed strong avoidance, especially outside of protected areas. This
and other recent examples of wolf–human functional responses (Houle et al. 2010)
illustrates the power of understanding functional responses to produce syntheses of
previous studies and to produce a solid framework for understanding carnivore–
human relationships. We expect that carnivores commonly exhibit functional re-
sponses in resource selection. The most powerful approach to understanding func-
tional responses is to combine an understanding of frequency dependence in prey
selection (Greenwood and Elton 1979) with functional response analysis of spatial
selection for these same prey species by a predator.

10.3.8 The importance of defining availability: recent advances

from the field of movement modeling

Inferences from habitat-selection modeling with the use–availability design are
highly contingent on how availability is defined (Beyer et al. 2010). Unfortunately,
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no biologically objective means of calculating availability exist; researchers can only
infer indirectly what resources an animal considers to be available from what it did,
compared to what we imagine it could have done. Further, the concept of
availability is inherently scale-dependent and depends on the spatial scale at
which resource selection is investigated. In other words, no “correct” way exists
to sample availability. Many studies have compared telemetry locations for an
animal to a set of random locations within its entire home-range (i.e. 3rd order
selection; Johnson 1980), making the implicit assumption that animals can move
anywhere within their home ranges at any time between successive locations.
While this assumption could biologically be true for some highly mobile carnivores
(e.g. wolves), it is clearly unrealistic for many others. And, with the growing use of
global positioning system telemetry collars (GPS) in carnivore research, assuming
that a carnivore can go anywhere within its home range between locations that are
mere minutes apart, is unrealistic. Moreover, the debate over the use–available
design has confirmed that the way this design had been applied in previous studies
has problems. Improved understanding of availability is needed.

Fortunately, GPS technology has helped ecologists define availability some-
what more from an animal’s behavioral perspective, and these definitions help
circumvent some of the other problems with the use–available design. A study on
turtles started it all. Comparing locations of slow-moving wood box tortoises
(Clemmys insculpta) to random locations across their home ranges made no sense
to Compton et al. (2002). Consequently, the authors borrowed a statistical method
from the biomedical literature, matched-case control logistic regression, and
defined availability as the area each tortoise could have reached from each location,
based on its history of movements (Figure 10.9). The used and available locations
are then compared using a conditional logistic regression model (also known as
case-control, paired logistic and conditional logistic regression; Hosmer and Leme-
show 2000). The key here is that each used location is paired against n number of
cases that represent where the animal could have actually moved (availability). The
conditional likelihood of the logistic model takes into account what was available at
each step and, consequently, the inferences from the overall model are conditional
on the availability at each time step (Aarts et al. 2008; Moorcroft and Barnett
2008). This is now the recommended approach for determining availability in the
use–available design at the individual level, especially including weights of “avail-
able” locations at different distances. Whittington et al. (2005) adopted this design
to demonstrate that wolves avoid human activity in Jasper National Park, Alberta.

A caveat to this approach, however, is that restricting available points based on
movement rates defines the scale of selection under evaluation (Forester et al.
2009). On a continuum of infrequent to frequent locations, the decisions being
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modeled by this approach transition from Johnson’s (1980) 3rd order selection to
something on a finer scale, perhaps to Johnson’s 4th order. Alternatively, the
resources selected by an animal while it moves are environmental characteristics
that facilitate safe and efficient travel. This begs an interesting question about how
decisions made during movement represent selection in their own right vs. the
extent that these decisions are structured and constrained by selection at higher
orders. In the first case, decisions made during movement may very well represent
an order of selection new to the nested orders traditionally considered, requiring
further theoretical development before empirical results are fully understood. In
the second case, selection of a travel route may be nothing more than the most
convenient way to move between two selected habitats, rendering the notion of
habitat selection during movement moot.

10.3.9 Quantifying resources

Two approaches, which can be combined in some cases, exist for examining
resource availability at used and unused or available locations. The first is a
“macro” approach to measure resource availability at broad landscape scales using
spatial GIS models (Franklin et al. 2001; McDermid et al. 2005, 2009). This
approach has been used most successfully for abiotic or loosely biotic variables,
such as vegetation cover, topographic variables (digital elevation models), and
human-related variables, such as distance to roads or road density.

Random ‘Paired’
Locations

t = 1

2
3

4

Fig. 10.9 Matched-case control sampling design for use–available study designs with
animal-tracking data. Sampled locations (black circles) are paired with biologically
realistic samples of “availability” given where the animal could have gone at time t = 3
in this example. Random paired available points can be generated from the observed step
length from t = 3 to t = 4, or the empirical step length and turning angle distribution for
the vector of animal relocations along the entire path t = 1 to 4, in this case.
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The second is a more “micro” approach, whereby small-scale habitat covariates
are measured at sites used and unused or available by using standard field-based
monitoring approaches. For example, Kunkel et al. (2004) measured the availabil-
ity of vegetative cover, tree species, and snow depth along travel routes of wolves,
compared to areas where wolves killed ungulate prey, and compared to “random”

areas not along travel routes. Values for such micro-variables are expensive and
time-consuming to collect but often provide richer mechanistic insights into the
factors influencing different stages of carnivore habitat selection, such as hunting,
resting, or attacking.

Both approaches usually rely on availability of static or abiotic surrogates that do
not reflect what was truly available to an animal, leading to two problems. First,
maps of “static” vegetation types do not really reflect availability of resources for
most animals, including carnivores. While a static land-cover model using different
forest cover types (such as spruce, open conifer, shrubs, grasslands) has some
explanatory power as a habitat model, it does not capture what might be important
to a carnivore in a dynamic sense. For example, if we accept that prey are a critical
biotic resource for many carnivores, grassland land-cover types could have dramat-
ically different “value” to an ungulate over the course of a year, and hence, to a
carnivore (Hebblewhite et al. 2008). Moreover, many spatial covariates (such as
vegetation and snow cover) are temporally dynamic, yet habitat-selection models

BOX 10.3 A prey-based habitat model for gray wolves in Banff National Park

Gray wolves are the most widely distributed terrestrial, mammalian carnivore in the
world (Mech and Boitani 2003). They require only the availability of large ungulate
prey. As such, wolves are habitat generalists and densities are driven solely by
ungulate biomass (Fuller and Sievert 2001), except when limited by human-caused
mortality.

In this example, we illustrate including prey availability directly into habitat-
selection models. Our goals here are to compare habitat-selection models based on
just environmental covariates, to those based on prey availability, to illustrate the
insights gained by explicitly considering prey availability, and also the drawbacks of
such an approach.

We developed use–available resource selection functions (RSF, Boyce and
McDonald 1999) for VHF telemetry locations for 14 wolves during winters
2001–05 in Banff National Park (Hebblewhite et al. 2002; Hebblewhite 2005).
We estimated 99% kernel home ranges with a 6-km band width. We accounted for
correlation within packs using a random effect for each wolf pack. Attributes of
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BOX 10.3 Continued

used locations were compared to those of available locations using a mixed-effects
logistic regression model (Gillies et al. 2006) that yielded a relative probability of
wolf use of a resource type. We considered two broad types of models: (1) “typical”
RSF models as a function of spatial covariates, including topographical variables
(elevation, slope) and land cover type derived from LANDSAT imagery (McDer-
mid et al. 2009); (2) “biotic” RSF models that explicitly modeled prey availability
and distance to high human activity (Hebblewhite and Merrill 2008). We used a
previously developed habitat suitability index for prey (Holroyd and Van Tighem
1983). Moose, deer (white-tailed, Odocoileus virginiana, and mule deer O. hemi-
onus), elk, bighorn sheep (Ovis canadensis), and mountain goat (Oreamnos amer-
icanus) models were considered. Wolf diet was ~50% elk, 30% deer, 10% moose,
and 10% other species, such as bighorn sheep and mountain goats (based on
biomass, Hebblewhite et al. 2004). Thus, we predicted that 3rd order habitat
selection within the home ranges of wolf packs would correspond to previous
results of diet selection. Despite the importance of this hypothesis, which would
allow us to scale up to spatial distributions from simple and easy to collect diet
studies, few ecologists have tested the generality of correspondence between scales
in carnivore habitat studies.

Covariates were screened for colinearity using a liberal correlation cutoff of
r > 0.7 (Menard 2002). We used stepwise-AIC model selection to select the top
typical and biotic RSF model, and compared the two models using AIC, and
predictive capacity using k-folds cross-validation (Boyce et al. 2002). Because this
model was use–available, using normal logistic regression diagnostics was invalid
(Boyce et al. 2002).

Comparing the top typical and biotic models illustrates the tradeoffs carnivore
ecologists will often face between predictive capacity and ecological understanding
with habitat-selection models. The typical covariate model was by far the best
model from an AIC perspective, with the biotic model over 66 AIC units “worse”
than the typical model. Nonetheless, examination of the models’ abilities to predict
within-sample wolf telemetry data revealed that the biotic model fared better,
explaining 10% better than the typical model. Coefficients for all models were as
expected from previous studies on wolves in mountainous terrain (Oakleaf et al.
2006; Hebblewhite and Merrill 2008) and the rank order of predictions from the
diet of wolves in Banff matched the rank-order of selectivity coefficients from the
RSF model (Table 10.3, Figure 10.10). The relative probability of the five ungulate
prey species changed as a function of habitat quality, confirming that as diet
suggests, wolves avoid goat and sheep habitat, and select for moose, and deer, and
elk approximately equally (Figure 10.10).
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BOX 10.3 Continued

Insights from this biotic-RSF model are limited by the usual restrictions of
regression-based studies. These regression models do not demonstrate whether
wolves are really selecting elk or deer because these prey species were highly
correlated in space; likewise for avoiding goats and bighorn sheep. Wolves could

Table 10.3 Resource selection function (RSF) model structure and diagnostics for

the top competing environmental covariate and biotic covariate models for wolves in

winters 2001–05 in Banff National Park, Alberta, in two wolf packs.

Model
Logistic Model Structure and Coefficients
(K = number of parameters) AIC

k-folds
Spearman
rank
correlation

Environmental
covariate
model

K = 10, 1587 0.83
Pr(Use) = –0.005*Elevation + 1.67*Burn +
0.67*Water + 1.4*Shrub
+0.28*OpenConifer +
0.28*ModerateConifer + 1.44*MixedForest
+ 1.14*Herbaceous –2.9*Alpine

Biotic covariate
model

K= 7
Pr(Use) = -0.439*DistHuman –0.23*Sheep
–0.48*Goat + 0.72*Elk + 0.30*Moose +
0.66*Deer

1653 0.92

Notes: elevation is in meters; see Hebblewhite & Merrill (2008) for explanations of the landcover
covariates; DistHuman is the distance, in kilometers, to high human access, defined by Hebblewhite and
Merrill (2008).
* = �
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Fig. 10.10 Relative probabilities of use of five ungulate prey species by wolves as a
function of relative habitat quality for five ungulate prey species in the Canadian
Rockies from Resource Selection Functions.
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have done little to link the spatially dynamic resource selection process to similarly
dynamic measures of resource availability (Hebblewhite 2009). The growing access
to remote-sensing products that measure the dynamic availability of forage,
through indices like the normalized difference vegetation index (NDVI) and
snow cover through MODIS satellites, means that future carnivore habitat models
should be dynamic measures of resource availability (Hebblewhite 2009).

The second more critical problem is capturing the availability of dynamic, biotic
resources, such as prey availability. A growing number of studies do include biotic
covariates in habitat models (Miquelle et al. 1999; Hebblewhite et al. 2005;
Heikkinen et al. 2007; Webb et al. 2008; Basille et al. 2009; see Box 10.2).
While collecting sufficient data on availability of prey across large areas for many
carnivores is difficult, carnivore habitat studies will increasingly include mechanis-
tically measures of prey availability (Box 10.2, Box 10.3). Recent advances in non-
invasive monitoring will certainly help. Camera-trapping and snowtracking can
collect data on prey and predator simultaneously (Stephens et al. 2006).

10.4 Linking habitat selection to population consequences

Numerous authors have addressed the difficult conceptual and empirical challenge
of linking habitat selection by individuals to population consequences (reviewed by
Fryxell and Lundberg 1997). Here we focus on three empirical approaches with a
demonstrable record for carnivore studies and that are perhaps the best scientifi-
cally defensible approaches: (1) population extrapolation based on habitat models,
(2) combining habitat models with spatial models of mortality risks to develop core
and sink habitat maps, and (3) spatially explicit models of population viability. No
particular method is necessarily superior but note that data requirements, com-
plexity, and assumptions increase from method 1 to 3.

BOX 10.3 Continued

be selecting elk but, because they encounter deer between predictable elk patches,
deer could, actually, not be actively selected by wolves (sensu Huggard 1993). To
tease this apart requires comparisons among wolf packs with different availabilities
of prey (e.g. a functional response). Regardless, this example illustrates the exciting
biological hypotheses that can be generated if we move from merely trying to
predict habitat selection by carnivores to understanding the mechanisms of how
prey availability drives carnivores.
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10.4.1 Habitat-based population estimates

This approach combines habitat modeling with information about population
densities to predict the number of animals in a given area, and has strong potential
for answering questions about mechanistic links between habitat and population
sizes and distributions. The principles behind this approach are first to model
habitat selection, relate this habitat model to known abundance in the same area,
and then to extrapolate the potential population size and distribution by applying
the spatial habitat-selection model and habitat-abundance ratio to a new area
(Boyce and McDonald 1999; Johnson and Seip 2008). It was this approach that
Mladenoff and coworkers used successfully to predict the distribution and abun-
dance of the recovering wolf populations in the Great Lakes region of the United
States (Mladenoff et al. 1995, 1999; Mladenoff and Sickley 1998). It was also used
to predict the numbers and distribution of grizzly bears in the Selway–Bitterroot
ecosystem following potential reintroduction (Boyce and Waller 2003); the grizzly
bear distribution and abundance in the Parsnip river area of Northern British
Columbia (Ciarniello et al. 2007); recolonization habitats and population sizes of
recolonizing Amur tigers expanding into NE China from the Russian Far East (Li
et al. 2009; Box 10.2); and potential habitat and population size for critically
endangered Far Eastern leopards (P. pardus occidentalis, Hebblewhite et al. 2011).

The first step involves developing a habitat-selection model for a particular
carnivore species using (ideally) empirical data on the spatial locations of animals.
The model should, ideally, have high predictive capacity, good model fit, and be
hypothesis driven. One might use an RSF model to obtain the spatial prediction of
the relative or absolute probability of use (ŵðxÞi from Equation 10.1) for a
particular study area with a known or estimated population size of the focal species
(NÐ ). Next, the total predicted “habitat” required for each animal is estimated by
dividing the total amount of habitat across the study area by the population
size

P
ŵðxÞi=N̂ . This ratio then provides the habitat/population ratio that can

be used to extrapolate population size in adjacent areas, over time, and in different
study areas. The assumptions of this approach, which include (1) the right biotic
variables driving fitness have been measured, (2) similar selection patterns will exist
for spatial variables in both areas, (3) similar landscape configurations exist for
available spatial variables in both areas, (4) similar relationships between popula-
tion parameters and available habitat in both areas, and (5) resource selection
results in higher densities in those habitat types (or resource units) that are selected
by a species. These are valid assumptions for many theoretical patterns of habitat
selection (such as ideal free distribution, Fretwell and Lucas 1970). For an
endangered species caught in an ecological trap, where animals select habitats
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that lead to reduced fitness (Robertson and Hutto 2006), the positive correlation
between habitat selection density may break down. This potential problem leads us
to the second potential approach to link populations and habitats.

10.4.2 Combining habitat and spatial models of mortality risk

A second approach to link habitats to population sizes is to combine a habitat
model, such as the RSF designed above, with a complementary spatial mortality
model that allows biologists to relax the assumption that selection = density. This
approach entails identifying areas that are selected for high use by a species and
identifying areas that cause high mortality and then dividing the area into habitat
that can be classified as a sink (selected, high mortality) or source habitat (selected,
low mortality), and non-habitats.

In the first example of this approach, Nielsen et al. (2004) developed spatial
habitat models using resource selection functions for threatened grizzly bears in
Alberta, and combined this habitat model with a spatial model of mortality risk
for bears developed using spatial locations of mortalities, mostly human-caused
(Nielsen et al. 2004). They then combined the two spatial models to identify
primary sink and source habitats, secondary sink and source habitats, and non-
critical habitat for grizzly bears. This model was then spatially mapped for
grizzly bears on the landscape, identifying important sink areas for grizzly bears
(Figure 10.11). Sink habitats were closely associated with roads and timber harvest.
Therefore, Nielsen et al. (2006) recommended adopting access management
of industrial roads to increase security and habitat quality for grizzly bears
(Figure 10.11).

While Nielsen et al. (2004) used a large sample size of over 279 spatial
mortalities of grizzly bears over 25 years, other recent studies have developed
spatial models mortality risk for endangered species using fewer data and comple-
mentary approaches. For example, Falcucci et al. (2009) developed an integrated
occurrence–mortality model for the small brown bear (U. a. marsicanus) popula-
tion in central Italy to identify the “attractive sink” and source habitats. They
contrasted bear presence (2544 locations) and mortality data (37 locations) used as
proxies for demographic performance. Both Johnson et al. (2004) and Schwartz et
al. (2010) used a landscape-linked Cox-proportional hazards survival model with
telemetry locations of grizzly bears over 22 years in the Greater Yellowstone
Ecosystem and with 63 grizzly bear mortalities to develop spatial mortality risk
models. More carnivore ecologists should use these methods to combine risk and
habitat models to define source-sink habitats.
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10.4.3 Spatially explicit population models

A sophisticated approach to linking critical habitat to population size is to develop
spatially explicit, individually-based, population models (Morris and Doak 2002;
Carroll and Miquelle 2006; Linkie et al. 2006). Population viability analyses
(PVA) predict the probability of persistence of a population (Boyce et al. 2001;
Morris and Doak 2002). Although PVA models have faults (Caughley 1994), they
are useful for making relative comparisons between different management or
recovery scenarios for engendered species, and often help identify critical knowl-
edge gaps (Brook et al. 2000; Holmes et al. 2007). Making PVA spatially explicit
requires a link between populations and habitats. This link is most often made
using simulation models of realistic movements and survival of individual animals
on a specific landscape. Spatial PVA accommodate the landscape context, habitat
fragmentation, and meta-population structure (Carroll et al. 2003b; Linkie et al.
2006). The cost of these models, of course, is the requirement of large datasets and
the difficulty of parameterizing all required inputs with empirical data. The models
present a tradeoff of parsimony versus complexity. Spatially explicit population
viability models have been used for tigers (Carroll et al. 2003a; Linkie et al. 2006),
wolves (Carroll et al. 2003b), and have even included the effects of climate change
for Canada lynxes (Lynx canadensis) and American martens (Martes americana) in
the eastern US (Carroll 2007).
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Fig. 10.11 Predicted habitat states for west-central Alberta based on combining habitat
quality from an RSF model and spatial mortality risk predictions. Source: Nielsen et al.
(2006).
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Alternatively, spatially explicit, individual-based models of space use can be used
to model population dynamics based directly on landscape characteristics and
estimates of basic behavioral parameters. Mitchell and Powell (2004) presented
optimality models for home ranges that maximized the benefits of spatially
distributed resources over costs of repeatedly visiting resource-bearing patches.
These models predicted home ranges and their distribution on a landscape under
resource-maximizing and area and minimizing strategies. The resulting spatial
distribution of home ranges depended on spatial characteristics of resources and
the extent to which animals reduced the value of resources (i.e. resource depres-
sion) to conspecifics through consumption or protection. Simulating home ranges
on a landscape using these models produced predicted distributions of animals that
ranged from ideal free to ideal despotic (Fretwell and Lucas 1970; Fretwell 1972),
depending on the degree of resource depression.

Using these spatially explicit, individual-based, home-range models, Mitchell
and Powell (2007) showed that black bears living in the southern Appalachian
Mountains generally pursued an area-minimizing strategy for selecting their home
ranges, with slight levels of resource depression (e.g. Box 10.1, Figure 10.5). This
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Fig. 10.12 Change in area of simulated, area-minimizing home-ranges for female black
bears in the Pisgah Bear Sanctuary, North Carolina, as a population increases. Simula-
tions were of sequentially established optimal home ranges constructed under an area-
minimizing strategy with moderate resource thresholds and low resource depression
(Mitchell and Powell 2007), and based on the food component of a habitat suitability
index (HSI) for bears in the Southern Appalachians. As more home ranges are added to
the sanctuary, area of home ranges increased in size, suggesting that area of home ranges
may be useful for understanding population size (N). Eventually, no new area-minimizing
home ranges could be added to the sanctuary, resulting in a maximum of 52, the
estimated carrying capacity (K) for the Pisgah Bear Sanctuary. Source: Mitchell and
Powell (2011).
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finding has very strong ecological implications because resource depression sets a
maximum number of home ranges a landscape can support. Thus, home-range
models such as these can be used to estimate both the distribution of animals and
the carrying capacity (K ) of a landscape for those animals, without knowing their
abundance. Accordingly, Mitchell and Powell (2011) estimated carrying capacity
for adult female bears, KAF, in their study site by sequentially adding simulated,
area-minimizing home-ranges to a resource landscape comprising the food compo-
nent of a habitat suitability index (HSI, Zimmerman 1992; Mitchell et al. 2002;
Box 10.1) and using behavioral parameters found best to predict home ranges for
adult females (Mitchell and Powell 2007). Simulated home-ranges increased in
area as the simulated population grew; the point at which no new home-ranges
could be added predicted that K AF was approximately 52 (Figure 10.12). Mitchell
and Powell (2011) then estimated carrying capacity for all bears (all age and sex
classes except cubs), K, by adjusting K AF for the proportion of adult females in the
population, yielding K = 126 bears. For the 235-km2 study site, density at carrying
capacity was 0.54 bears/km2, which is only slightly higher than the upper limit of
density estimated for black bears living in the nearby and fully protected Great
Smoky Mountains National Park (0.35 bears/km2; McLean and Pelton 1994).

10.5 Conclusions

Research that provides the most rigorous understanding of carnivore habitat
scientifically possible is based on asking good questions first and foremost, hy-
pothesizing good answers to these questions based on both theory and empirical
evidence, testing the hypotheses by comparing their predictions to empirical data
using the best analytical approaches available, and linking selection behavior
directly to population consequences. This is a demanding process at all levels:
asking good questions is difficult, developing good hypotheses is difficult, master-
ing rapidly evolving, highly complex analytical techniques is difficult, bridging
from behavior to demography is difficult. Pressing management and conservation
needs facing carnivores rarely allow the luxury of easier approaches that provide
weak to poor inferences, limited scope and generality, and ultimately uncertain
applicability (at best).
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11
Describing food habits and predation:

field methods and statistical considerations

Erlend B. Nilsen, David Christianson, Jean-Michel Gaillard,
Duncan Halley, John D.C. Linnell, Morten Odden,

Manuela Panzacchi, Carole Toı̈go, and Barbara Zimmermann

11.1 Quantifying predators’ diets

During the last century, a variety of field techniques have been developed to gain
insight into predator–prey relationships. A common starting point for a predator–
prey study is to quantify the predators’ diet. Although the analysis of diet reveals
little of the predation process (an item being ingested through predation or
scavenging), diet information helps us understand how predators of a particular
species relate to their various potential prey and to their environment. Tradition-
ally, diets have been analyzed using scats, stomach contents, by searching for kills
of radio-collared individuals, and by following animals’ tracks in the snow or sand.
These methods are still important but have been supplemented by recent advances
in DNA technology, such as DNA barcoding (Roth et al. 2007; Valentini et al.
2008) and stable isotope techniques (Crawford et al. 2008). These new techniques
provide more certain identification of prey species in scat samples and avoid the
many problems of visual or microscopic identification (Teerink 2004).

11.1.1 Scat analysis

Scat analysis is used widely to estimate the amounts of different foods ingested by
carnivores based on identifying the indigestible parts of animals and plants found
in scats (Putman 1984). Standard laboratory procedures (reviewed in Reynolds and
Aebisher 1991) allow the identification of prey species from macroscopic, undi-
gested remains, such as teeth, bones, feathers, tissues, and exoskeletons of insects,
and from microscopic analysis of hair and of invertebrate exoskeletons found in
scats. Items in scats can be identified using classification keys (Day 1966; Teerink
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2004) and by comparison with reference materials (e.g. seeds, feathers, skeletons)
collected from the study site. When analyzing scats of small- and medium-sized
predators, examine also microscopic remains to ascertain the occurrence of chetae,
as earthworms can comprise a substantial part of a diet.

Scat analysis is simple, cheap, noninvasive, allows relatively large sample sizes,
but presents both technical and interpretation difficulties. Bias and sampling error
can arise as early as during scat collection due to the inclusion of scats from non-
target species, or due to inadequate study design. Collecting scats at kill sites, along
predator tracks, or along trails is particularly prone to bias for predators with large
prey because the production of several scats per individual prey may lead to over-
representation of a given prey item. If such pseudoreplication occurs, subsampling
is useful (Mattson et al. 1991), or considering all scats collected at a single kill-site
or along one trail as one sample (Marucco et al. 2008). Modeling can help in
finding the optimal sample size to avoid a lack of power when comparing diet
within and among species. Targeted collection of scats is sometimes desired; scats
at a den might provide insights into the diets of offspring vs. adults (Lindström
1994; Panzacchi et al. 2008a). In addition, recently developed fecal DNA methods
allow sex determination from scats (e.g. Hedmark et al. 2004), potentially allowing
one to compare diets by sex.

A second possible source of bias and error lies in the misclassification of food
remains. Some predators ingest a wide variety of animal and plant items, as well as
anthropogenic foods, such as garbage, whose remains in scats take the form of
macroscopic fractions intermingled with microscopic particles. This bias and error
can be reduced through proper training of the lab personnel (Spaulding et al. 2000)
and by applying the point frame method for identifying prey remains (Ciucci et al.
2004). Even when prey remains are identified correctly, their ecological signifi-
cance should be carefully considered. For instance, hairs of predators of the target
species, which occur often in scats, might indicate intraspecific predation, or
scavenging, or simply self-grooming. Similarly, it is not possible to conclude
whether prey remains in a scat indicate predation or scavenging.

Choice of analytical method is critical. As no unbiased procedures exist, com-
bining techniques is recommended. As an index of how often a predator eats a
given prey item, the most simple and time-saving method is the frequency of
occurrence (FO), which measures the number of scats (ni) containing remains
from food category i with respect to the total sample size of scats (N), thus (Leckie
et al. 1998):

FOið%Þ ¼ ðni=NÞ � 100:
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Even though the FO has the advantage of providing results that can be compared
among studies, it has the disadvantage of treating all prey items equally, regardless
of size or probability of leaving remains. Hence, it over-represents small items such
as insects (Ciucci et al. 1996).

A modified version of the frequency of occurrence, the whole scat equivalents
(WSE), attempts to limit this problem by summarizing the relative volume or
weight of each prey category within the sample (Angerbjörn et al. 1999). The plot
of the FO against the mean volume, which can be calculated by dividing the sum of
the volumes of each item in all scats by the total number of scats, helps one
visualize the contribution of each item to the total volume of the scats (Kruuk and
Parish 1981). Such methods based on volume are usually quick and easy, but they
contribute little to understanding the amounts of different foods ingested or the
nutritional value of the food.

If one wishes to investigate consumption or gain insight into the nutritional
significance of different foods, combine FO with methods that use remains in the
scats to estimate the fresh weights of different foods ingested. Methods based on
biomass seem to have the greatest potential for estimating the actual bulk con-
sumed, but they tend to be the most time-consuming, as accurate models describ-
ing the relationship between prey biomass consumed per scat produced are
required (Rühe et al. 2008). The proportion of each macroscopic item can either
be measured directly, or can be estimated by volume, and then multiplied by the
total dry weight of the scat to estimate the dry weight of each food category
(Reynolds and Aebisher 1991). Then apply coefficients of digestibility, quantifying
the ratio of fresh weight of a given prey to the dry weight of its remains in scats, to
estimate the fresh weight consumed (e.g. Jędrzejewski and Jędrzejewska 1992).
Coefficients of digestibility can be obtained through rigorously repeated species-
specific feeding trials, where predators are fed known amounts of different foods
(Lockie 1958; Weaver 1993). The weights of consumed earthworms can be
estimated from the number of chetae and gizzard rings (Br�seth et al. 1997).
Even though coefficients of digestibility can be found in literature for some species,
their definitions vary among authors and the combination of different coefficients
may lead to significant biases (Reynolds and Aebisher 1991). Estimates of biomass
ingested is overestimated using this approach, when the prey are not completely
consumed (Ciucci et al. 1996).

As all methods for extrapolating from occurrence in feces to biomass or energy
consumed are fraught with a range of errors and assumptions, researchers often
adjust techniques to their particular studies, thereby producing countless variants
of each technique and complicating comparative studies among species or areas.
Nonetheless, all above-mentioned methodologies tend to rank prey items similarly
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when the diet is based on few, large prey (Ciucci et al. 1996). Inconsistencies often
arise, however, when the diets include a wide spectrum of prey sizes and species
(Liberg 1982). Quantifying biases and errors associated with data collection and
analysis (see Reynolds and Aebisher 1991) facilitates comparisons among studies.

11.1.2 Analysis of partly digested food items

If a sufficient number of carcasses of the target species are available (e.g. due to
hunting or trapping), diet can be investigated by evaluating the contents of
stomachs and gastrointestinal tracts (Thompson et al. 2009). The method is
based on washing and separating the material contained in the gastrointestinal
tract with a sieve, and identifying prey remains using classification keys and
reference collections. As with scat analysis, FO should be complemented with
methods providing estimates of the nutritional significance of foods to the preda-
tor. For each food item, multiply indices of metabolizable energy by estimates of
the minimum and maximum food consumption per meal, obtained from captive
conspecifics, to get estimates of caloric intake. This method accommodates differ-
ent digestibilities among foods, and therefore accommodates the importance of
large items.

An advantage of analysis of stomachs and gastrointestinal tracts is that the sex,
age, and body condition of individual predators are usually available. One disad-
vantage of the investigation of the gut contents is that the results may not be
comparable to those obtained with scat analysis; even the contents of stomachs and
intestines may differ considerably (Witt 1980). Discrepancies in the outcomes of
the three approaches reflect differences in the process of digestion at different
stages. Of course, carcasses and scats may suffer different age and sex biases
(Cavallini and Volpi 1995). If the carcasses belong to animals killed at bait, gut
analyses should be avoided or the results should be interpreted with care.

11.1.3 Snow- and sandtracking

Following tracks in the snow has been an important source of data on predation in
northern environments. Snow can be a good substrate to record animal tracks and
often allows one to follow continuous behavioral sequences with little bias related
to prey detectability. Sometimes one can assign a track to an age or sex class based
on size and behavior (raised leg urination, for example, by canids). Following tracks
allows a researcher to collect scats and document kills, to investigate hunting
behavior (sometimes of known individual predators), and to quantify hunting
success (Sand et al. 2005). Tracks can be used to monitor predator populations
(Chapter 16), based on statistical modeling of track frequencies and distributions
(Wabakken et al. 2001), or based indirectly on DNA analyses from scats collected
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along tracks (Kohn and Wayne 1997). Sometimes one can estimate the age of the
different stretches of track, facilitating the calculation of kill rates (Pedersen et al.
1999) and the predator’s functional response (O’Donoghue et al. 1998). Snow-
tracking combined with radio-telemetry (Chapter 7) improves the temporal preci-
sion of track data and identifies individuals leaving tracks. Sand may also provide a
suitable substrate for following predator tracks (Bothma et al. 1984). The major
drawback of ground-tracking methods is their dependence on weather and climatic
conditions; for some studies, the difficulty of assigning tracks to individual pre-
dators is a problem.

11.1.4 Telemetry-based methods to study predator diet

The development of VHF radio-telemetry methods in the 1960s and 1970s
allowed individual-based studies of animal movement and behavior. By using
telemetry to locate a predator frequently and to document its movements, activity
patterns, and habitat use, a researcher can identify potential kill-sites. Intensive
aerial-tracking surveys within given time periods (e.g. Vucetich et al. 2002) can be
effective but are expensive, constrained by daylight and good weather conditions,
and often biased due to low detection rates of kills in closed habitats and during
snow-free periods, especially for small prey species. Searches of potential kill-sites
often produce prey remains. Because telemetry allows kills to be linked to time, one
can calculate kill rates. Such methods remained the standard approach for studying
large predators (e.g. O’Donoghue et al. 1998; Laundre 2008; Nilsen et al. 2009a)
until the late 1990s. Data collected by this method may, however, be biased
towards large prey items, which are easy to detect and which cause a predator to
spend more time at a kill site or revisit the site several times. The use of carcass-
searching dogs can reduce this bias. In the late 1990s, the advent of GPS
technology provided many new opportunities (Chapter 7). GPS data are more
accurate than traditional VHF telemetry data and typically allow the collection of
many more location estimates (Sand et al. 2005). As a result, the detection of kill
sites has improved immensely, producing more reliable measurements of kill rates,
even under snow-free conditions when carcasses are hard to find. GPS telemetry
has been used predominantly with large-bodied predators (>10 kg) that can carry
the weight of a GPS collar and that consume mostly large prey (Figure 11.1).

With respect to studying predation with GPS telemetry, researchers need to
develop objective criteria to identify points of interest, especially clusters of posi-
tions, to prioritize in an unbiased manner the sites for ground searches for prey
remains. Researchers have started to develop rules for identifying kill sites (Ander-
son and Lindzey 2003; Sand et al. 2005; Zimmermann et al. 2007). Binomial
regression models for presence and absence of large kills at clusters of GPS
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positions (Anderson and Lindzey 2003; Zimmermann et al. 2007), two-step
binomial and multinomial regression that estimate the probability of a site holding
a large-bodied kill, a small-bodied kill, or no kill (Webb et al. 2008), classification
trees that divide clusters into kills or non-kills by threshold criteria of predictor
variables (Tambling et al. 2010), and hidden Markov modeling techniques to

Fig. 11.1 By visiting clusters from radio-collared animals, researchers are able to find the
remains of prey animals. Top photo shows the remains of a hare (photo: Robert Need-
ham), whereas the lower photo depicts the carcass from a semi-domestic reindeer
(photo: Andrea Mosini). Both prey were located by visiting clusters of tracking positions
from radio-collared lynx in Northern Norway.
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distinguish kill sites, bed sites and movements (Franke et al. 2006), all hold
potential. In multicarnivore systems with predator interference, field visits to
clusters are needed to determine displacement and scavenging, which might bias
estimates of kill rates based on cluster methods (Ruth et al. 2010). Sampling effort
required appears to depend heavily on characteristics of both predator and prey; kill
sites appear easier to find for large, solitary felids that hunt large prey than predators
such as wolves that show less stereotypic behavior when handling kills. Several
issues, such as positioning bias in different habitats, still require attention, yet this
new technology is opening a range of possibilities that were inconceivable only 10
years ago. Telemetry-based approaches, however, are less useful for finding smaller
prey items or multiple or surplus killing events (common for livestock) when the
predator does not stop for a significant period to consume the item killed.

11.2 Ecological inferences from diet data

The field methods described above are much utilized techniques in many field
studies of predator–prey interactions. However, with these data at hand, one might
also ask questions that go beyond simply describing the diet and food habits of the
predator—questions that directly relate to the impact of predation on the prey
population. We will here focus on methods used to estimate kill rates and
functional responses, prey selection, niche breadth, and diet overlap.

11.2.1 Quantifying kill rates and functional responses

Kill rate is defined as the number of prey items killed by a predator (individual
or group) within a certain time window. Linking this information to prey
density (Holling 1959) or predator and prey density (Abrams and Ginzburg
2000) makes it possible to estimate the functional response of the consumer.
Kill rates can be assessed directly by tracking predators on snow or with telemetry
during defined sampling intervals with the aim to detect all kills within these
periods, can be assessed indirectly by comparing prey densities or mortalities
in areas or time periods with and without predators, or can be inferred from scat
analysis.

Estimating functional responses based on such field data is not trivial. Estimates
of prey (and predator) density must be available (Chapter 5). Obtaining robust
density estimates remains a challenge. When data are available to model functional
responses, the most commonly used approach is to fit non-linear regression models
to the data, assuming Gaussian distributed error terms, and to compare candidate
models based on Akaike’s information criterion (AIC) (Vucetich et al. 2002;
Nilsen et al. 2009a). Robust model selection is often hampered, however, by the
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need for large datasets to estimate key parameters in the models (Marshal and
Boutin 1999; Nilsen et al. 2009a; see also Vucetich et al. 2002). If one assumes
that prey depletion is negligible within the sampling period, as is usually assumed
for large predator–large prey systems, models are usually expressed as kills per time
unit (often per month or 100 days for large carnivores). Integrated models may
work better when prey are depleted (Vucetich et al. 2002).

In addition to the challenge of differentiating among different functional
responses, different sampling regimes can yield different estimates for the para-
meters in a particular functional response model. At Isle Royale, USA, comparing
functional-response models for wolves preying on moose across different spatial
scales (whole island, per pack, and “mixed scale”) resulted in different models being
selected for different spatial scales (Jost et al. 2005); nonetheless, the selected
models included predator dependence and satiation at all scales. Because the
number of tracking days needed to obtain robust estimates of kill rates varies for
different predator–prey pair systems, the number of tracking days should be
included as a part of the general assessment of the robustness of the estimated
model. New methods for analysis of GPS telemetry data are continuously being
developed, for example, distinguishing between search time and handling time
(Merrill et al. 2010) allowing researchers to test predictions of optimal foraging
models. Search plus handling times sum to the inverse of kill rate. By relating
search time to habitat variables and prey densities, attack success and predation risk
can be assessed from environmental variables directly. For small predators, obtain-
ing kill sequences by following individuals is complicated because (1) the remains
of the kills are hard to find and recover, (2) the predators’ small body sizes result in
rapid (often within a few minutes) and total consumption, and (3) some species,
such as stoats (Mustela erminea) and weasels (M. nivalis), frequently kill prey in
subnivean or subterranean spaces. Thus, inferences based on a predators’ diets have
been used to estimate predator kill rates and functional responses (Gilg et al. 2003,
2006). The basic assumption in these approaches is that a close link exists between
a predator’s diet and its functional response, so that the relative occurrence of a
given prey in the predator’s feces, together with knowledge of the predator’s
metabolism, can be used to calculate prey consumption. In an alternate approach,
Sundell et al. (2000) manipulated the densities of radio-collared voles (Microtus)
within large enclosures, measured kill rates of weasels at different prey densities in a
relatively controlled manner, and thereby estimated a functional response.

Miller et al (2006) inferred about predator functional responses from variation
in observed survival rates of prey by integrating formulations of predator functional
responses into the estimator of survival. This approach opens the possibility of
using data on prey survival to estimate directly one of the key parameters of a
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predator–prey system. Advances in the modelling of survival probabilites might
prove to be a valuable extension to analysis of functional responses, at least in cases
where mortality factors are known and mainly caused by predation.

The final aim of diet analysis is often to estimate the total consumption by a
predator population. Differences in diet among groups of scats (e.g. collected from
animals in different areas or in different seasons) can be detected using å2 tests or
contingency tables (Wright 2010), or with logistic regression to model the presence
or absence of a given item in the scats. Multinomial models developed for capture–
mark–recapture data can be used to quantify uncertainty of diet estimates and to
assess differences in diet composition when using presence/absence data (Lemons
et al. 2010). The capture–mark–recapture approach should be more productive
when foods are quantified by weight or volume. As the proportions of different
food items in a scat are interdependent (i.e. they sum up to one), such data should
be analyzed with methods taking into account this interdependency (e.g. compo-
sitional data analysis; Reynolds and Aebisher 1991; Aitchinson 1986).

11.2.2 Studying selection—the difference between use and availability

The basis for selection of prey is that individuals of different species, or subgroups
within species, yield more energy than do other prey (Krebs and Davies 1993).
One generally expects a predator always to try to capture the energetically most
valuable prey if encountered, whereas other prey should be captured only if the
most valuable prey is rare (Charnov 1976a, 1976b). Apart from experimental
work, direct tests of this hypothesis are uncommon, as estimating energy yield
and expenditure associated with different prey items is not easy.

Technically, prey selection is a measure of the deviance between the proportion
of prey X in the diet, compared to the availability of prey X in the standing
population of all prey. Study designs for measuring used and available are grouped
into three main categories based on the definitions and assumptions regarding use
and availability (Manly et al. 2002). In Design I, the resource (prey) use is not
recorded for specific individuals, and used and available resources are assumed to
apply to the whole predator population in a study area. Individual resource use is
recorded in the Designs II and III. For Design II, the availability of resources is
estimated at the population level but for Design III the availability of resources is
estimated at the individual level. Sampling of scats usually allows only the applica-
tion of Design I. Since the introduction of fecal genotyping, however, scat analyses
may also convey individual-based information, thus allowing use of Design II
(Prugh et al. 2008). Design III can be applied in telemetry-based studies, if
estimates of prey availability are available for each individual predator. Among
the three categories of study designs, Designs II and III clearly have the potential to
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address a wider range of questions. For instance, variation in prey selection with
respect to sex and age classes cannot be analyzed using Design I. Taking individual
differences into account provides insights into patterns of resource partitioning
stemming from individual specialization (Araújo et al. 2010), which may have
stabilizing effects on population dynamics (Kendall and Fox 2002) and may affect
sympatric speciation (Schluter and McPhail 1992).

A common difficulty in all studies of prey selection is defining and estimating
prey availability. Prey availability is not directly equivalent to prey abundance
(Molinari-Jobin et al. 2004). Rather, prey availability is a function of prey abun-
dance, prey antipredator behavior, differential vulnerability of prey of different life-
cycle stages, and more. Consequently, prey availability changes across time, not
only because prey abundance changes, but also because different age classes are
more prone to predation. Prey vulnerably might change regionally (Molinari-Jobin
et al. 2004; Panzacchi et al. 2008b; Nilsen et al. 2009b).

Once use and availability of prey have been estimated, several methods exist to
measure selection. Manly’s selection index compares the relative usage (ri/ni) of
prey of category i (species, age class or other categorical variables) to the relative
usage of all prey

P
rj/nj in the environment; Chesson 1978):

ai ¼ ri=niP
rj=nj

;

where rj represents the resource of category i that is used, ni the resource in
category i that is available the selection index ai range from 0 to 1, and a higher
value indicates greater selection.

Estimates of both use and availability of prey are susceptible to biases and error
that increase the risk of rejecting the null hypothesis of no selection (Type I error).
Furthermore, values of Manly’s index depend strongly upon which prey species are
considered to be available. Including or not including an abundant prey species
that is rarely consumed may reverse preference classifications of the other prey
species (Johnson 1980). In such cases, using Johnson’s (1980) rank index is less
sensitive to subjective choices of available resources. This index ranks use and
availability of resources and the difference in ranks forms the basis of selection
classifications.

In the literature, use, selection, and preference are often applied interchangeably.
Use and preference generally differ from selection by being independent of
availability. Use refers to a food item being consumed in a specified time period,
while preference is the probability that a food item is selected when offered on an
equal basis with other items. Accordingly, the existence of a preference requires an
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outcome of behavior by the predator, whereas the selection index is simply an
estimate of non-random association between predators and prey. Selection is not
equivalent to importance. A prey type can be highly selected, even if it is relatively
rare and, therefore, rarely eaten; accordingly, the importance of this prey for the
survival and reproduction of the predator may be minimal compared to common
prey that are not selected.

11.2.3 Quantifying food niche breadth and diet overlap

Diet data can be used to investigate and compare the diet breadth in different areas
and periods and among different species. Based on the breadth of their diets in
different ecological settings, focal species can be placed along the generalist–
specialist continuum (Jedrezejewska and Jedrezejewski 1998). This approach also
provides insights into the ways that species within ecological communities parti-
tion the available resources, and allows inferences on competition and coexistence.

The study of resource partitioning has a long history in community ecology.
The term trophic niche was coined at the beginning of the twentieth century to
describe the position of a given species in the foodweb of a community. In the
absence of competition, the observed resource use constitutes a species’ fundamen-
tal trophic niche, while in the presence of competitors the species’ niche can be
substantially different and it is termed its realized trophic niche (Hutchinson 1953).
The breadth of the fundamental and realized trophic niches can be measured by a
variety of classical diversity indices that are sensitive to both the number of items in
the sample and to their relative abundance. One of the most widely used indices for
measuring the niche breadth is the Shannon–Wiener index (H0) (Krebs 1999):

H
0 ¼ �

X
piðlnpiÞ:

where pi is the proportion of each food item in the sample.H0 ranges from 0 (lowest
niche breadth) to 1 (greatest breadth).

Alternatively, several studies use the Levins’ index, B, and the Levins’ standardized
index Bs (Levins 1968):

B ¼ 1=
X

p2i :

where pi is the proportion of each food item in the sample;

BS ¼ B � 1=n� 1:

where n is the total number of food categories identified.
Both the choice of the method for quantifying the diet and the choice of the

index for estimating the niche breadth affect one’s results. While H0 tends to
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overestimate the importance of rare food items, B tends to emphasize the evenness
in the distribution of items (Pielou 1975).

The first method for estimating niche overlap is based on the relative use of
different segments of a niche resource axis and on the overlap between species in
their use of common segments (MacArthur and Levins 1967). A variety of other
indices followed (e.g. Schoener 1971) but one of the most widely used is the index
of trophic niche overlap between species j and k developed by Pianka (1974):

Ojk ¼
X

pijpik=
�X

p2ij
X

p2ik

�1
2

:

where pij is the proportion of the food item i in the diet of species j;. O ranges
between 0 (total niche separation) and 1 (total overlap).

Multivariate ordination techniques, such as correspondence analysis, can be
used for a graphical visualization of the resource partitioning in the community
by displaying the matrix formed species (e.g. predator guild) and food items (e.g.
prey guild) in a multidimensional space.

The indices of niche overlap provide useful insights into the resource partition-
ing within a community at a given time and place. Trophic interactions are
spatially and temporally dynamic, however, and food niches converge and diverge
as the diversity of resources changes (Schoener 1982). Hence, a repetition of a
study in different seasons is often advisable. Also, the existence of trophic niche
overlap does not necessarily imply the occurrence of competition, as competition is
shaped by a variety of environmental and behavioral parameters (Colwell and
Futuyma 1971).

11.3 Using stable isotopes to infer trophic interactions

Stable isotopes, particularly (but not only) those of carbon and nitrogen, can be
used to investigate the assimilated diets of organisms and, hence, trophic interac-
tions (Kelly 2000; Post 2002; Newsome et al. 2007). Foods vary systematically in
their proportions of elemental isotopes: in the case of carbon, 12C and 13C, and for
nitrogen, 14N and 15N (Brand 1996). The isotopic “signature” of a consumer’s
tissues reflects the proportional intake of the isotopes in its diet (DeNiro and
Epstein 1978), with correction for preferential uptake and loss of given isotopes in
digestion process, known as diet-tissue or trophic fractionation. Trophic fraction-
ation varies for different elements, species, and tissues (Dalerum and Angerbjörn
2005). Marine food-chains tend to be longer than terrestrial chains and baseline
�13C values differ. Thus, when a predator mixes marine and terrestrial food
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sources, the typically large differences in both �13C and �15N make discriminating
their proportions in the diet relatively simple (e.g. Ben-David et al. 1997).

Using stable isotopes to estimate trophic position relies on trophic fractionation.
Generally, �15N fractionates much more strongly than �13C. Generic values for
trophic fractionation, typically ca +3–3.40/00 for �15N and ca +10/00 for �13C
(Kelly 2000; Post 2002), are often used in trophic analyses, but naive application of
such values can be a pitfall for the unwary. The isotopic signature of a predator is
not usually sufficient to infer trophic position without an appropriate isotopic
baseline, and estimates of trophic position are very sensitive to assumptions about
the trophic fractionation of �15N in particular, and to different methods of
generating an isotopic baseline (Post 2002). The average �15N value for terrestrial
omnivores in the literature is slightly lower than that for terrestrial herbivores,
probably because of the very high fractionation values reported for ruminant
herbivores (Darr and Hewitt 2008) compared to animals with simpler digestive
processes. Moreover, different species eating identical diets vary up to 3.60/00 in
�15N fractionation of the same tissue, i.e. more than a whole trophic level at the
usual generic rate (Sponheimer et al. 2003). Therefore to conclude, without
species- and tissue-specific fractionation being taken into account, that similar
�15N values in different species of predator (or any animal) indicate trophically
similar diets is unwise; or, conversely, that differences in values between species
imply a difference in diet or trophic position.

This consideration also renders assessing variation in trophic niches of individual
predators within a species more complex than simply reading off a �15N value and
mapping directly to “trophic level.” Although for a given species and tissue, trophic
fractionation can be assumed to be uniform in strict carnivores, whose foods are
typically similar in protein concentration, uniformity may not be the case for
omnivores, such as bears (Phillips and Koch 2002). Different prey species with
identical diets may vary in isotope profiles, and prey of differing diets and trophic
positions may have similar isotope profiles.

Where (1) baseline isotope values for diet sources (different prey species and
isotopically distinct classes within those species) and (2) fractionation values for the
predator tissue analyzed are fairly securely known or can be inferred, the compari-
son of stable isotope values within and among species is a powerful technique for
assessing relative trophic niches and trophic niche width (Bearhop et al. 2004). A
variation of this technique with wide application in predator studies is to use the
method to assess the diet at different time periods, either by measuring tissues, such
as blood plasma, with very rapid turnover, or tissues that capture the isotopic
signature when growing but are thereafter metabolically inert, e.g. hair or horn
(Dalerum and Angerbjörn 2005).
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11.4 Estimating non-lethal effects of predation

Measuring the effects of carnivores on their prey is often limited to estimating the
impact from the killing and consumption of prey (numerical or direct effects), as
this is the most obvious effect of carnivores. Carnivores also affect prey survival,
growth, and reproduction indirectly by altering prey behavior or physiology (risk
effects or non-consumptive effects). In some cases, the risk of predation alone can
be the strongest driver of population dynamics, even stronger than the direct effect
of predation (Pangle et al. 2007). Because of this, risk effects can cascade to lower
trophic levels through two pathways (Figure 11.2). For example, the presence of a
carnivore can reduce the foraging time of an herbivore releasing local vegetation
from both the reduction in herbivore foraging effort (trait-mediated indirect effect)
and the reduction in herbivore numbers due to the nutritional costs of this
antipredator behavior (density-mediated indirect effect). Understanding how carni-
vores shape the risk of predation as perceived by their prey is central to under-
standing ecosystem function.

Much of our understanding of risk effects comes from experiments with
invertebrates and small animals (Preisser et al. 2005); yet much of this work has
parallels with vertebrate carnivores in natural systems. Most prey animals are
capable of detecting carnivores long before an attack and most prey possess several
traits for avoiding predation. While physiological stress responses may exist (Boon-
stra et al. 1998), most research has focused on estimating behavioral responses and
their costs. Common behavioral responses to the presence of predators are shifts in
habitat selection foraging behavior and vigilance (Lima 1998). Although these
responses correlate with one another, antipredator responses cannot be assumed to
increase with levels of predation risk (McNamara and Houston 1987; Lima and
Bednekoff 1999). Unfortunately, we have few examples where the demographic
costs of behavioral responses to carnivores have been estimated for any wild prey
species. Surprisingly, most research on risk effects with terrestrial carnivores has
focused on estimating how changes in prey behavior affect lower trophic levels (e.g.
hardwood plant regeneration in Yellowstone National Park following wolf recolo-
nization; Fortin et al. 2005). We know little about how carnivores disrupt survival,
reproduction, and growth in prey through risk effects (but see Creel et al. 2007).

Information on carnivore behavior is crucial to detecting and quantifying
relevant antipredator responses in natural systems. Current approaches differ
primarily in temporal and spatial scales. A dichotomous index of predation risk
can be applied across the sampling space (carnivore-absent and carnivore-present).
At the broadest scales, prey behavior, prey nutrition, or the dynamics of lower
trophic levels are compared between ecosystems with and without carnivores
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(Wolff and Van Horn 2003), sometimes with the use of predator exclosures
(Hodges and Sinclair 2003). Similarly, prey behavior, prey nutrition, or plant
dynamics can be compared within an ecosystem but over different states of
carnivore status, e.g. prior to, and after, a reintroduction (Mao et al. 2005) or
before, and after, predator removal programs (Banks et al. 1999). At finer scales,

Direct interactions
between carnivores
and their prey

Predation: Changes
in survival

Risk effect: Changes in
survival, growth, or

reproduction through
changes in behavior and

physiology

Trait mediated in direct
effect: changes in

consumption due to
changes in herbivore

behavior

Density mediated
indirect effect: changes
in consumption due to
changes in herbivore

density

Indirect interactions
between carnivores and
lower trophic levels

Fig. 11.2 Measuring the total impact of carnivores on ecosystems requires an under-
standing of the complexity of their interactions. For example, with three species at
different trophic levels a carnivore should be expected to affect the demography of its
prey through predation and by eliciting the expression of costly antipredator behavior in
prey. Lower trophic levels might experience reduced grazing pressure if herbivore num-
bers are limited by predation, limited by the costs of antipredator behavior, or if
herbivore foraging behavior is depressed as part of the antipredator response.
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particular groups of prey animals within one population or particular sites within a
study system may be classified as under the influence of carnivores or not, and
compared, e.g. groups near or far from refuges (Frid 1997). These latter methods
have detected general relationships between carnivores, prey, and lower trophic
levels. Nonetheless, these methods can mask the effects of predators if ecosystems
differ widely over space and time. Moreover, many responses to carnivores often
occur at fine spatial and temporal scales (Winnie and Creel 2007), indicating that
most prey can distinguish variation in predation risk at much finer scales than are
usually measured. Hence, the magnitude of the indirect effect of a carnivore could
be underestimated or missed entirely at broader scales.

Information on local carnivores can provide finer spatial and temporal resolution
of predation risk. Describing gradients of risk rather than dichotomies, such as
estimating the carnivore/prey ratio over time and space (Creel et al. 2007) or
describing spatial variation in local carnivore habitat use (Valeix et al. 2009), are
becoming more common. These methods rely on efficient carnivore detection and
tracking, such as snowtracking, radio-telemetry, or GPS collars.

Most current approaches for estimating the impact of predation risk from
carnivores on ecosystems largely assume that a carnivore’s proximity to a prey
animal confers risk, and that the behavior of a prey animal in the presence of a
carnivore reflects its efforts to increase its probability of surviving an attack.
Nonetheless, some studies have shown that the behavior of a carnivore (beyond
its movement) may also influence how prey determine risk. For example, wolves
close to elk affect vigilance of elk, but how recently wolves have made a kill also
matters (Liley and Creel 2008). Future research will likely reveal that prey animals
are highly attuned to the behavior of local carnivores and adjust their antipredator
behavior in response to changes of predation risk at very fine spatial and temporal
scales. If so, quantifying the indirect effects of carnivores on ecosystems may
require fine scale information on carnivore behavior coupled in time and space
to the behavior of prey.

11.5 Some further challenges

While we have learned much about predator–prey dynamics, central aspects of
predator–prey interactions are still understudied. Some of these aspects can be
addressed using the field methods described in this chapter, other aspects require
innovative thinking in the field. In a dynamic predator–prey system, a link
between predator consumption rate and predator recruitment, and thus population
growth, is generally assumed. Although several studies have documented a positive
relationship between prey density and predator density (e.g. Carbone and
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Gittleman 2002) and from this inferred a numerical response (Gilg et al., 2003),
very few studies have been able to measure the relationship between predator
consumption rate and predator population growth rate (Millon and Bretagnolle
2008; but see Vucetich and Peterson 2004). Gaining a better understanding of this
relationship will greatly enhance our understanding of predator–prey dynamics. In
addition, our knowledge of scramble competition and predator population growth
is still very limited. Indeed, models of predator–prey dynamics may make assump-
tions that contradict behavioral models. For instance, while the hypothesis of
economy of resource defense (i.e., territoriality) predicts that at very high and
very low prey densities it does not pay to be territorial, many models of predator–
prey dynamics assumes that predator interference limits predator number also
when per capita food abundance is high. Compared to prey species, the demogra-
phy and population dynamics of predators are understudied.

In a real and complex world, interactions between prey and predators are indeed
complex. The context in which trophic interactions take place contributes to the
outcome. We should, therefore, in the future not ask questions such as, “does
predation affect prey population dynamics?” but rather seek to identify conditions
that determine the relative strength of top-down and bottom-up effects. In some
cases, these conditions might relate to the biotic aspects of the system, such as
taxonomic differences, differences between hunting styles, and predator–prey body
weight ratios, while they might also relate to factors describing the physical
environment, such as terrain, landscape productivity, and climate. Further work
is needed to integrate the field methods described in this chapter with conceptual
models of how predator–prey system ought to behave under these various
conditions.
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12
Reproductive biology and endocrine studies

Cheryl S. Asa

Historically, data on carnivore reproduction collected during field studies was
limited to analyses of anatomy and morphology from animals that were trapped
or from carcasses. Examinations of gonads, uteri, and mammary tissue provide
some information on age of puberty, reproductive seasonality, pregnancy, and
litter size. Nonetheless, because such sampling represents only one point in time
for a particular animal, physiological processes are not apparent. For example, one
cannot discern from a single anatomical sample whether females of a species are
induced or spontaneous ovulators, or whether they are monestrus (that is, have
only one ovulation) or polyestrus (multiple cycles until conception). And, despite
new technologies, such as ultrasound and endocrine assays, one sample still
provides only limited information. These techniques do have the advantage,
however, of being noninvasive and of offering opportunities for sequential
sampling.

This chapter reviews carnivore reproductive systems and tools available for field
studies of carnivore reproduction and endocrinology, and interpretation of results.
Despite the diversity of species in Carnivora, available information on reproductive
physiology is biased toward canids and mustelids, due to the commercial produc-
tion of fur from Arctic and red foxes (Vulpes lagopus and V. vulpes) and mink
(Mustela vison), which not only made them readily available for study, but also
because research affects commercial interests. For a more complete review of
mammalian reproduction, see Asa (2010).

12.1 Carnivore reproductive physiology: the basics

12.1.1 Puberty

Puberty is the time when an animal is first able to reproduce, but this is the
culmination of a process rather than a discrete event (van Tienhoven 1983), and is
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accompanied by activation of the hypothalamic–pituitary–gonadal axis, manifest
by increased production of testosterone in males, and estrogen and progesterone in
females. For practical purposes, puberty can be defined for males as the first
appearance of sperm in the ejaculate, although detection of sperm by testicular
biopsy or dissection is also diagnostic. For carnivores that have been studied, the
first increase of testosterone occurs about 2 months prior to the appearance of
sperm in the ejaculate, because of the time required for spermatogenesis and
epididymal sperm maturation (coyote, C. latrans, Kennelly 1969; domestic dog,
Canis familiaris, Foote et al. 1972; jaguar, Panthera onca, Costa et al. 2008; ocelot,
Leopardus pardalis, Silva et al. 2010). For females, puberty can be defined as first
ovulation but in some species, such as those with induced ovulation (Table 12.1),
first estrus might be the more accurate measure, since not every female in estrus
may have an opportunity to mate and, hence, to ovulate.

Hormonal markers of puberty include increases in testosterone for males and,
for females, increased estradiol associated with estrus and progesterone following
ovulation. Gonadal hormones affect many features that can be measured, such as
changes in vaginal cytology and vulva size for females, and an increase in testis size
and appearance of species-specific secondary sex characteristics in males.

Estimations for the age of puberty from field studies are usually based on the
observation of mating or birth of young. Nonetheless, physiological puberty
(sperm production or ovulation) can occur without these obvious manifestations
since, among males, in particular, not all individuals have an opportunity to mate
and most matings are undocumented. Birth of young is an especially conservative
measure of puberty, because females may have multiple ovulatory cycles before
successfully conceiving and carrying a pregnancy, a phenomenon called adolescent
sterility (Spear 2000). Numerous studies of coyotes, for example, have documen-
ted the first signs of ovarian and sexual activity during a female’s first breeding
season, although few females subsequently gave birth (reviewed in Green et al.
2002). In coyotes, however, the likelihood of reproducing in the first year appears
dramatically influenced by local food availability and density of conspecifics (Nellis
and Keith 1976; Windberg 1995), a phenomenon that is likely shared by other
species.

Using birth of young as the marker of puberty is also conservative because it
ignores social suppression of reproductive behaviors, as has been documented in
gray wolves, C. lupus (Packard et al. 1983). Young wolves may reach physiological
puberty (sperm production in males and ovulation in females) at the species-typical
age of about 22 months, but be prevented from mating by their parents. In
contrast to behavioral suppression, most subordinate dwarf mongooses (Helogale
parvula, Creel et al. 1992), and African wild dogs, (Lycaon pictus, van Heerden and
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Kuhn 1985) past the typical age of puberty appear to be physiologically suppressed
(i.e. suppression of spermatogenesis in males and follicle growth and ovulation in
females), although a small percentage of females may be able to ovulate and give
birth. Observations of copulation by subordinate male and female banded mon-
gooses (Mungos mungo) suggest they are not physiologically suppressed (Rood
1980). Many other reports of reproductive suppression among subordinate mem-
bers of carnivore social groups have not distinguished between behavioral and
physiological suppression (red foxes, Macdonald 1979a; silver back, Canis mesome-
las, and golden jackals, C. aureus, Moehlman 1983; Ethiopian wolves, C. simensis,
Sillero-Zubiri et al. 1996).

12.1.2 Seasonal reproduction

In carnivore species of the Arctic and Temperate zones, seasonal control of
reproduction is mediated primarily by changes in photoperiod (Turek and Camp-
bell 1979). Some species are considered short-day breeders, because they mate
during late summer or fall when day length is becoming shorter. Others are long-
day breeders and mate during late winter or spring, after the winter solstice when
day length is increasing. Gonadal recrudescence at the beginning of each breeding
season is equivalent in most ways to puberty (Ebling and Foster 1989).

In general, seasonal reproduction is characteristic of Arctic and Temperate zone
species, although even Tropical species may be affected by seasonal environmental
changes, such as rainfall patterns (Lincoln and Short 1980; Bronson 1989). Young
are born in late winter or spring in the Temperature and Arctic zones, during the
period most auspicious for their growth and survival. Carnivores have relatively
short gestations (about 1–4 months; Hayssen et al. 1993), which puts mating
season in mid to late winter for many species. The factors that select for time of
parturition (the ultimate cause, usually climatic factors) differ from those that
control the mating period (the proximate cause: activation of the reproductive
system; Baker 1938). For species with delayed implantation, however, the time of
mating is not constrained by gestation length. This decoupling of birth and mating
season from gestation length allows flexibility for otherwise solitary males and
females to associate at more opportune times. Furthermore, females can increase
their fitness through mate choice, which may have selected for mating to occur
when possibilities for female choice or male competition are greatest (Sandell 1990;
Spady et al. 2007).

Most information on reproductive seasonality comes from the annual distribu-
tions of matings or presence of offspring, which are good estimators of female
reproductive potential but do not necessarily represent male capacity. That is,
males typically produce sperm longer than the period when females in the
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population may ovulate, effectively bracketing the range of female fertile days.
Furthermore, even males of some seasonally breeding species may never cease
spermatogenesis completely, although sperm quality or quantity may decline
outside the breeding season (e.g. red foxes, Creed 1960; ocelot, margay, Leopardus
wiedii, and tigrina, L. tigrinus, Morais et al. 2002). Seasonal reproductive timing
for a species appears to vary by latitude (Fletcher 1974), which has been demon-
strated for gray wolves (Mech 2002) and red foxes (Lloyd and Englund 1973; Asa
and Valdespino 2003).

12.2 Stages of the female reproductive cycle

Of the variety of terms used to describe female reproductive cycles, “ovarian cycle”
best encompasses the wide range of patterns and focuses on the recurrent follicular
growth and development common to all. For example, induced ovulators can have
cycles of follicular growth that are not ovulatory at all if they fail to mate, making
the term “ovulatory cycle” inappropriate, whereas “estrous cycle” describes behav-
ioral but not physiological events. In addition, different conventions exist for
characterizing the reproductive stages of female cycles. One uses designations
that refer primarily to external signs and behavior: proestrus, estrus, and diestrus
(sometimes called metestrus in dogs, Jochle and Andersen 1977), with anestrus to
describe the non-breeding period of seasonal breeders. The classifications by
Conaway (1971) refer to diestrus as pseudopregnancy, because it is characterized
by a prolonged period of progesterone elevation similar to pregnancy. Another
naming convention refers to follicular and luteal phases to reflect changes on the
ovaries, which may be more useful for understanding the underlying endocrine and
morphological changes.

The follicular phase of the typical ovarian cycle is characterized by the growth
and development of follicles that secrete estradiol, the hormone that stimulates
proestrous and estrous behavior and the changes in vaginal cytology and vulva
tumescence. Oocyte and follicular growth progress to the mature, tertiary or
Graafian follicle with its fluid-filled antrum and culminate in ovulation, involving
follicle rupture and release of ova (eggs). Both proestrus and estrus are characterized
by elevated estradiol levels; females in proestrus are attractive to males but are only
receptive to mating during estrus (Beach 1976). Still, in most species there is not a
clear delineation between these two phases, since estradiol progressively increases
until the time of ovulation, with what seems to be merely a progressive change that
culminates in estrus. In contrast, in dogs and probably other canid species, a pre-
ovulatory increase in progesterone clearly separates proestrus from the sexual
receptivity of estrus (Concannon et al. 1977a; Asa, 1999).
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The durations of proestrus and estrus vary widely among species. Perhaps the
longest proestrus, determined by sanguinous discharge, has been documented for
coyotes (2–3 months; Kennelly and Johns 1976), with wolves next at 6 weeks (Asa
et al. 1986). Although estrus may be less than 24 hours in some species, in most
carnivores it lasts more often from several days to more than a week (Hayssen et al.
1993). The increasing progesterone following ovulation terminates the estrous
period and initiates the luteal phase, regardless of mating or conception. For
induced ovulators that do not mate, however, estrus may recur and appear
continuously for a considerably longer period without intervening production of
progesterone (Weir and Rowlands 1973).

Although spontaneous ovulation generally is reported for most mammals,
induced ovulation occurs in more carnivore species (Table 12.1) than any other
taxon, except pinnipeds (Ewer 1973). In spontaneous ovulators, ovulation occurs
regardless of the presence of males, whereas in induced ovulators, copulatory
stimulation typically is required to trigger ovulation. Nonetheless, species consid-
ered to be induced ovulators may, at times, ovulate without mating (e.g. African
lion, Panthera leo, Schmidt et al. 1979; leopard, P. pardus, Schmidt et al. 1988;

Table 12.1 Carnivore species with known induced ovulation.

Species Reference

Cheetah, Acinonyx jubatus (Czekala et al., 1994)

Lion, Panthera leo (Schmidt et al., 1979)

Leopard, Panthera pardus (Schmidt et al., 1988)

Tiger, Panthera tigris altaica (Seal et al., 1985)

Snow leopard, Uncia. uncia (Schmidt et al., 1993)

Puma, Puma concolor (Bonney et al., 1981)

Clouded leopard, Neofelis nebulosa (Brown et al., 1995)
Ocelot, Leopardus pardalus (Moreira et al., 2001)

Tigrina, Leopardus tigrinus (Moreira et al., 2001)

Margay, Leopardus wiedii (Moreira et al., 2001)

Island fox, Urocyon littoralis (Asa et al., 2007)

Black bear, Ursus americanus (Boone et al., 2004)

Japanese black bear, U. thibetanus japonicus (Sato et al., 2001)

Wolverine, Gulo Gulo (Mead et al., 1993)

Hawaiian mongoose, Herpestes auropunctatus (Hoffmann and Sehgal, 1976)

Ferret, Mustela furo (Marshall, 1904)

Mink, Mustela vison (Hansson, 1947)

Weasel, Mustela nivalis (Deanesly, 1944)

Raccoon, Procyon lotor (Whitney and Underwood, 1952)
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mink, Sundqvist et al. 1989; clouded leopard, Neofelis nebulosa, Brown et al. 1995;
ocelot, Moreira et al. 2001; tigrina, Moreira et al. 2001; margay, Moreira et al.
2001). In raccoons (Procyon lotor), just the presence of a male has been reported to
induce ovulation without copulation or even physical contact (Morris 1975).
Thus, a continuum of ovulatory mechanisms exists, ranging from exclusive spon-
taneous ovulation to an absolute need for copulatory stimulation, with most
species falling somewhere between those extremes (Jochle 1975).

Following ovulation, the cells comprising the follicle transform to become the
corpus luteum (CL), which produces progesterone, the hormone that characterizes
the luteal phase or diestrus. If conception has not occurred, the CL regresses and
either a new cycle or anestrus ensues. The length of the luteal or diestrus phase
varies greatly in carnivores. The typical lifespan of the mammalian CL is about two
weeks (Conaway 1971) but in many carnivores it can be considerably longer. In
particular, the canid CL continues to secrete progesterone for a length of time
equivalent to the species-typical gestation period, hence called pseudopregnancy.
Felids and mustelids, which are induced ovulators, also experience pseudopreg-
nancy following a sterile mating (Conaway 1971). The length of pseudopregnancy
in ferrets (Mustela furo) is equivalent to gestation length (Hammond and Marshall
1930), as in canids. In contrast, in felids the duration is roughly half that of
pregnancy (e.g. African lion, Schmidt et al. 1979; puma, Puma concolor, Bonney
et al. 1981; leopard, Schmidt et al. 1988; snow leopard,Uncia uncia, Schmidt et al.
1993; cheetah, Acinonyx jubatus, Czekala et al. 1994; clouded leopard, Brown et al.
1995).

12.2.1 Pregnancy

Pregnancy is characterized hormonally primarily by a sustained elevation of pro-
gesterone. Other hormones, such as estrogen, prolactin, and relaxin, are important
in some species and can be diagnostic. For example, the only hormonal difference
between pregnancy and pseudopregnancy in canids is relaxin, which is elevated in
the second half of gestation but is absent in non-pregnant females (Bauman et al.
2008). Although mean fecal progestagen levels may be higher in pregnant than
pseudopregnant canids (e.g. maned wolf, Chrysocyon brachyurus, Velloso et al.
1998), this difference is not diagnostic because of considerable temporal and
individual variability in progestagen concentrations. Relaxin also might be useful
in distinguishing pregnancy and pseudopregnancy in species with induced ovula-
tion but, as mentioned above, pseudopregnancy occurs infrequently.
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12.2.2 Delayed implantation or embryonic diapause

It is advantageous for all species to have offspring born at a time of year favorable
for their survival, which in Temperate zones is usually late winter or spring. For
most, the length of gestation determines when mating must occur to time births
properly. Some species, however, have evolved a mechanism to adjust the length of
gestation so that mating can take place when socially or environmentally advanta-
geous (Mead 1989, 1993; Sandell 1990). That mechanism, called delayed implan-
tation or embryonic diapause, involves the arrest of development at the blastocyst
stage before uterine implantation occurs (in European badgers, Meles meles, devel-
opment continues albeit very slowly; Canivenc 1966). Continued, fertile ovulatory
cycles are typical for mink early in the period of delay (Hansson 1947; Enders and
Enders 1963), which has been described also for European badgers (Yamaguchi
et al. 2006). Resumption of development and implantation is stimulated by a
change in photoperiod and is accompanied by increasing progesterone concentra-
tions (Wimsatt 1975); in some species, such as the mink, a rise in prolactin
precedes that of progesterone (Murphy et al. 1981). Among carnivores, delayed
implantation is common in ursids and mustelids (Table 12.2; (Wimsatt 1975;

Table 12.2 Carnivore species that experience delayed implantation or embryonic

diapause.

Taxon Reference

Wolverine, Gulo gulo (Wright, 1963)

River otter, Lutra canadensis (Wright, 1963)

Sea otter, Enhydra lutris (Sinha et al., 1966)

American marten, Martes americana (Wright, 1963)

Beech marten, Martes foina Canivenc in (Renfree and Calaby, 1981)

Pine marten, Martes martes (Canivenc et al., 1975)

Fisher, Martes pennant (Wright, 1963)

Sable, Martes zibellina (Baevsky, 1963)

Stoat, Mustela ermine (Wright, 1963)

Long-tailed weasel, Mustela frenata (Wright, 1963)

Mink, Mustela vison (Pearson and Enders, 1944)

Western spotted skunk, Spilogale gracilis, (Mead, 1968)

Striped skunk, Mephitis mephitis (Wade-Smith et al., 1980)

American badger, Taxidea taxus (Wright, 1966)

European badger, Meles meles (Canivenc, 1966)

American black bear, Ursus americanus (Wimsatt, 1963)

European brown bear, Ursus arctos arctos (Hamlett, 1935)

Grizzly bear Ursus artcos horribilis, (Craighead et al., 1969)

Polar bear, Ursus maritimus (Hamlett, 1935)

Malayan sun bear, Helarctos malayanus (McCusker, 1974)

Giant panda, Ailuropoda melanoleuca (Zhang et al., 2009)
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Renfree and Calaby 1981). Delayed implantation is suspected in the red panda
(Ailurus fulgens), spectacled bear (Tremarctus ornatus), and sloth bear (Melursus
ursinus, Mead 1989).

12.2.3 Seasonal and lactational anovulation

In the anovulatory or anestrus period of seasonal breeders, ovarian steroid levels are
low or undetectable. Anovulation also may result from nursing young, termed
lactational anovulation or anestrus, which prevents the mother from facing simul-
taneous energetic demands from gestation and lactation. In African lions, removal
or loss of nursing cubs results in rapid resumption of estrous cycles, which is
considered an explanation for infanticide by new males that take over prides with
females nursing young. Such infanticide allows new males to impregnate females
sooner and hasten their own reproductive success (Pusey and Packer 1994).
Surprisingly, though, estrous cycles of large felids do not resume after weaning at
the species-typical time during the period of prolonged dependence of offspring,
which indicates that a mechanism other than lactational suppression is operating.
This form of estrous suppression, independent of lactation, appears common at
least in the large felids whose young remain with their mothers for a year or more
post-weaning (Ewer 1973).

12.2.4 Frequency of ovarian cycles

Females of many carnivore species are monestrous, that is, they come into estrus
and ovulate only once annually. In contrast, others are polyestrous and can have
repeated estrous cycles until conception occurs. Polyestrus species can be continual
or seasonal breeders, but the definition of monestrum is not as clear. Some authors
use monestrum to describe the cycles of all canids, regardless of the number of
ovulations per year. Because the canid cycle is so long (e.g. the long obligate
pseudopregnancy), the classification of cycles in the non-seasonally breeding
canid species deserves review.

12.3 The endocrinology of stress

The term “stress” is used commonly to mean psychological stress, but the endo-
crine system evolved to cope with the physiological, as well as psychological, stress
responses of an organism facing a “fight or flight” situation. The major responses
are to mobilize glucose to fuel muscle activity, to shunt blood to skeletal muscles
and the heart, and to relax the bronchi to facilitate oxygenation of blood. This
acute stress response is integrated primarily by epinephrine, and perhaps norepi-
nephrine, released from the adrenal medulla acting through Æ- and �-
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adrenoceptors in appropriate target tissues. Sustained, or chronic, stress progresses
through several phases, characterized by Selye (1951) as the General Adaptation
Syndrome. Chronic stress responses are mediated by adrenal glucocorticoids, either
cortisol or corticosterone, depending on the species.

Cortisol is the major circulating glucocorticoid in carnivores. As their generic
name suggests, glucocorticoids, such as cortisol, play a basic physiological role in
glucose metabolism, but they also influence blood glucose levels during stress
(Möstl and Palme 2002; Hadley and Levine 2007). Although cortisol is clearly
involved in the psychological stress response, cortisol concentrations vary in
response to other factors as well. For example, glucocorticoid levels increase during
hunting, courtship, and copulation (Möstl and Palme 2002). Even baseline levels
of glucocorticoids in the non-stressed, homeostatic state show a clear circadian
rhythm of release, so sequential samples should be collected at the same time of
day. As steroid hormones, glucocorticoids are excreted in urine and feces, primarily
conjugated as glucuronides or sulfates, but they can also be measured in saliva and
hair, as well as blood.

Monitoring glucocorticoid levels provides insight into the effects of potentially
stressful events or situations, such as human disturbance, severe weather conditions
(e.g. storms, flooding or draught), or responses to translocation or reintroduction.
No clear relationship exists between glucocorticoid concentrations and social
status. Both dominant and subordinate individuals can have high cortisol levels,
although recent data from free-ranging carnivores suggest that levels are elevated
more often in dominant individuals (Creel 2005). Another perspective on this
apparent paradox is that social stability is typically less stressful than instability, as
represented in the “challenge hypothesis” or the concept of allostasis (Wingfield
et al. 1990; Wingfield 2005). Thus, when evaluating cortisol data, the broad social
context should be considered.

Sustained adrenal activation, regardless of the cause, can interfere with repro-
ductive processes through negative feedback on the endocrine cascade that culmi-
nates in stimulation of gonadal steroid production, ovulation, and spermatogenesis
(Pottinger 1999). Persistent elevations of glucocorticoids can also have deleterious
effects on health, such as compromised immune response, muscle wasting, and
even symptoms of diabetes mellitus.

12.4 Endocrine studies and sampling strategies

Two basic classes of hormones exist: steroid and peptide hormones (Tables 12.3
and 12.4). In the past, blood samples were required for hormone measurements. As
part of natural metabolism, however, most hormones are excreted in urine or feces
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(or both) and can be extracted and measured with standard endocrine assay
techniques, such as radioimmunoassay (RIA), enzyme immunoassay (EIA), or
chemiluminescence. Hormones may be present in their native form, as a metabo-
lite, or conjugated to a glucuronide or sulfate, which makes them soluble in water
(urine). Saliva contains hormone levels that generally reflect blood concentrations
(Cook 2002) but can be challenging to collect. Because peptides are digested in the
gastrointestinal tract, only steroid hormones can be extracted from feces. Steroid
hormones can now also be extracted from hair shafts (Koren et al. 2002), adding
another possible source of endocrine information.

Among the steroid hormones (Table 12.3), testosterone is the most abundant
circulating androgen in males, but androstenedione may also be important. For

Table 12.4 Steroid hormones of possible interest in carnivore research.

Hormone family Hormones Action(s) Present in

Glucocorticoids Cortisol,
corticosterone

Regulate glucose and responds to
physical and psychological stress

Males and
females

Estrogens Estradiol, estrone Stimulate estros behavior, vulval
swelling, cytological changes in
vaginal epithelium

Females
(low levels
in males)

Progestagens Progesterone,
pregnenolone

Support gestation (also elevated
during luteal phase in anticipation
of conception)

Females

Androgens Testosterone,
androstenedione,
dihydro-testosterone

Support spermatogenesis,
secondary male characteristics and
male-typical behavior

Males (low
levels in
females)

Thyroid
hormones1

T3, T4 Stimulate metabolic rate in
response to cold; necessary for
successful reproduction

Males and
females

1Thyroid hormones are not truly steroid hormones, but are similar in structure and are excreted by similar pathways.

Table 12.3 Peptide hormones of possible interest in carnivore research.

Hormone Action Present in

Follicle stimulating hormone
(FSH)

Stimulates follicle growth
Initiates spermatogenesis

Females
Males

Luteinizing hormone (LH) Indicative of ovulation
Stimulates testosterone

Females
Males

Prolactin Supports lactation Females
May support parental care Males and females

Relaxin Marker of pregnancy in canids and felids Pregnant females
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females, estradiol is the most common and bioactive estrogen, but estrone may be
at higher concentrations in urine and feces as an estradiol metabolite. Cortisol is
the best-known product of the adrenal cortex, but the adrenals of most species also
secrete sex steroids, such as dehydroepiandrosterone and estrone. Corticosterone,
rather than cortisol, is the major glucocorticoid in some mammals (e.g. rodents)
and in birds, and may be present at high concentrations in feces as a cortisol
metabolite in carnivores (Young et al. 2004).

Peptide hormones (Table 12.4) of interest include luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) that, despite their names, are present in
males as well as females. LH stimulates the final stages of follicle growth and
ovulation in females but in males stimulates testosterone synthesis. FSH is respon-
sible for early stages of follicle growth in females but in males is necessary, in
particular, for initiation of spermatogenesis at puberty or onset of seasonal repro-
ductive function. Other peptide hormones relevant to reproductive processes
include relaxin, which is elevated in late pregnancy in all carnivore species studied
to date, and prolactin, which has many roles in both males and females. As its name
implies, prolactin is essential to milk production in females, but it appears to be
associated with parental care in males as well as females.

Endocrine analyses provide information on gender, age class, breeding seasonal-
ity, reproductive status, pregnancy, and sometimes can be related to social status
and stress. Gender cannot be deduced from the mere presence of estrogen or
testosterone in a sample because both hormones are present in both males and
females. Likewise, LH, FSH, and prolactin are produced by the pituitaries of both
males and females. Nevertheless, in general, testosterone is higher in males and
estrogen higher in females, so a ratio of the two hormones in a sample is usually
diagnostic. In contrast, progesterone is typically found only in females and at
especially high concentrations during pregnancy.

The clearest delineation of age class by hormone analysis is between adolescence
and adulthood. Gonadal hormones, as well as LH and FSH, should be low or
undetectable in prepubertal animals, although seasonally breeding species also have
low concentrations outside the breeding season. For old-age classes, complete
reproductive senescence and cessation of ovarian hormone secretion in otherwise
healthy animals has only been documented in primates (Walker and Herndon
2008). In general, however, gonadal hormone production wanes with age in both
males and females of most, if not all, species, but this decline is likely to remain
within the range of variation detected in middle-aged individuals and, therefore, is
not diagnostic.

The hormone changes associated with pregnancy are perhaps the most dramatic
and, thus, the clearest to interpret. Progesterone concentrations may be elevated by
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as much as one or more orders of magnitude higher during pregnancy. Primarily a
product of the placenta, relaxin is only present in pregnant females after embryo
implantation. Relaxin is the only hormone that distinguishes pregnancy from
pseudopregnancy in canids (Steinetz et al. 1987; Carlson and Gese 2007; Bauman
et al. 2008). It can also be diagnostic of pregnancy in felids (de Haas van Dorsser
et al. 2006), although felid pseudopregnancy, which is the result of an infertile
mating or occasional cases of spontaneous ovulation, is uncommon. In contrast,
the spontaneous ovulation of canids is followed, when conception does not occur,
by an obligate pseudopregnancy, resulting in a challenge for pregnancy diagnosis.
Species that undergo delayed implantation or embryonic diapause present an even
greater challenge, however, because no pregnancy-specific hormones are elevated
during the period of diapause. For example, although relaxin was detected in serum
and urine of giant pandas (Ailuropoda melanoleuca), variable and confounded
results make it a questionable indicator of pregnancy in this species (Steinetz
et al. 2005). Increases in prolactin and progesterone, associated with implantation
and resumption of development, mark the beginning of the gestational period in
species with delayed implantation (Lopes et al. 2004).

Lactation can be detected easily via manual expression of milk but requires
capture and handling. The hormone prolactin is elevated during lactation and
declines gradually until weaning, but prolactin can also be elevated in individuals
that have not been pregnant and that are not lactating (Kreeger et al. 1991). In
Temperate zones, annual increases in prolactin are mediated by changes in photo-
period that affect males as well as females of many species (Lincoln et al. 2003) and,
thus, are not diagnostic of reproduction and lactation.

12.5 Sample collection

Hormones can be found in blood, urine, feces, saliva, and even hair. Choosing
which substance to sample depends on research questions and hypotheses, access to
animals for handling, and options for processing and preserving the samples.
Following sample extraction, the assay protocols are similar, yet each sample type
has advantages and disadvantages. A general discussion of endocrine sampling for
studies of reproduction and stress in mammals can be found in Hodges et al.
(2010).

12.5.1 Blood

Blood samples provide the best measure of the amount of a hormone reaching
target tissues at the time the sample is drawn. The great disadvantage to using
blood samples is that they require animal capture and restraint. Single samples can
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be collected during capture for procedures such as radio-collaring, but sequential
sampling to monitor dynamic physiological processes is usually impractical.
Because virtually all hormones are secreted in pulses, and many exhibit circadian
rhythm of release, one blood sample may not reflect the average for a day. For some
conditions, e.g. pregnancy, a threshold concentration may be established so that
any concentration above that level can be considered a positive diagnosis. If
samples are collected across successive days to look for patterns, circadian varia-
bility can be avoided by sampling at the same time each day. When collecting
samples for cortisol analysis, working quickly is critical, since capture and restraint
cause release of cortisol within minutes. Both steroid and peptide hormones
circulate in blood; levels may be lower, however, than in urine or feces, where
they can become concentrated, possibly making detection during assay more
difficult.

Blood samples must be centrifuged soon after collection to separate red blood
cells from the serum or plasma, which then must be frozen until assay, preferably in
an ultralow rather than conventional frost-free freezer, since the warming cycles
that prevent frost buildup can compromise sample integrity. Perhaps the greatest
disadvantage to blood sample collection is that it requires animal capture and
restraint. Single samples are possible during capture for procedures such as radio-
collaring, but sequential sampling to monitor dynamic physiological processes may
be impractical.

12.5.2 Urine

A major advantage of urine as a source of hormones is that noninvasive sampling is
possible. Urine can be collected from scent-marking sites, but the likelihood of
contamination with urine from other animals is high. Alternatively, a scent-
marking station with a single-use or washable collection vessel can be used, ideally
if the animal can be observed marking, not only for individual identity but also to
ensure that the sample represents only one animal. Another possibility, if urine is
sufficiently concentrated, is to blot a urine mark with filter paper (Shideler et al.
1995). Urine also can be collected during restraint or anesthesia by manual
expression of the bladder, bladder catheterization, or cystocentesis, a procedure
in which a needle is inserted transabdominally into the urinary bladder and urine
withdrawn by syringe. For species that scent mark with urine, collection of
sequential samples become (or can be) more practical, although identifying indi-
vidual samples still can be challenging.

A further advantage of urine relative to blood sampling is that urine samples average
hormone pulses across hours. Nonetheless, protocols for daily sampling of urine
should specify sample collection at approximately the same time each day to control
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for circadian rhythms of excretion. Samples should be frozen or dried on filter paper
soon after collection to avoid hormone breakdown. It is necessary to correct for urine
dilution before calculating hormone concentrations (Bonsnes and Taussky 1945).
Creatinine is secreted into urine at a relatively regular rate, regardless of the volume of
urine production, so it can be used to index hormone concentration.

As with blood samples, both peptide and steroid hormones are excreted in urine.
Steroids, however, are likely to be conjugated as glucuronides or sulfates, which
requires an additional step to cleave the conjugate if the assay antibody only
recognizes the native hormone. This step can be avoided by using assay antibodies
that recognize the conjugated forms as well. Because urine is more likely to contain
metabolites of the steroid hormones, rather than the native forms, instead of
assaying progesterone, for example, a common urinary metabolite such as pregna-
nediol glucuronide may be measured. Domestic cats (Felis catus), and probably
wild felids, excrete steroid hormones predominantly in feces, with such small
amounts in urine as to be virtually undetectable (Shille et al. 1990). Differential
excretion in urine versus feces has not been established for most species.

Because steroids excreted in urine (and in feces) may be metabolites rather than
the native forms, biological validation is needed to demonstrate that the hormone
being measured does relate to the phenomenon being studied. For example,
changes in estrogens and progestagens should correspond to periods of estrous
behavior or parturition when studying reproduction. Another validation method is
to administer a hormone challenge. This approach is most commonly used in
adrenal/stress studies to document measurement of the appropriate glucocorticoid.
Injection of ACTH, the pituitary hormone that stimulates the adrenal cortex,
should be followed by increased glucocorticoid (Eiler and Oliver 1980; Keay et al.
2006), which may be in the form of cortisol, corticosterone, or a metabolite.
Similarly, GnRH can be used to stimulate LH, which then stimulates gonadal
hormones such as testosterone (Asa et al. 1990). Release of estradiol or progester-
one in response to GnRH, however, depends on whether the ovaries contain
follicles or corpora lutea at the time of treatment, so is more useful in males. In
addition, capture is a stimulus for cortisol release, with samples collected at timed
intervals as after ACTH injection (Wingfield et al. 1997).

12.5.3 Feces

Fecal samples are simple to collect, making sequential sampling practical, and
contamination with feces from another animal is not as likely as with urine, except
for animals that defecate at latrines. Another potential confound can occur for
animals that may urine-mark on feces, which can contaminate samples with
excreted hormones from other individuals or from the same individual at another
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time. Feces can be collected from the ground or directly from the rectum from a
restrained or anesthetized animal. Trapped animals often defecate in traps, but
judging the age of the sample is important if traps are checked only once daily.

Because sampling does not require animal handling, feces are a good choice for
studies that measure glucocorticoid levels as an indicator of stress (Keay et al.
2006). Even when restraint is required to collect a sample, glucocorticoid levels in
feces deposited at the time of capture do not reflect the stress of capture, because of
the lag time between the increase in glucocorticoids in blood and their appearance
in feces. This lag, which reflects gut passage time, can vary among species and
individuals, but 12 to 48 hours is common (Schwarzenberger et al. 1996). Time of
day for collecting fecal samples is less important than even for urine, since feces are
typically produced less frequently and represent hormone excretion across the time
since last defecation. Like urine, hormone concentrations in feces average the
pulsatile and even to some extent the circadian changes reflected in blood samples,
depending on the frequency of defecation.

Because distribution of steroid hormones in feces may not be uniform (Brown
et al. 1994; Millspaugh and Washburn 2003), a sample should be mixed thor-
oughly before taking an aliquot. Hormone concentrations in samples change over
time due to metabolism by bacteria, temperature, and humidity, so care must be
taken to collect fresh samples. Methods for preserving fecal samples include
freezing in either a conventional freezer or in liquid nitrogen, drying, or extracting
in an organic solvent for storage until assay. Species differ in the direction of change
in hormone concentration depending on storage method (Hunt and Wasser
2003), complicating selection of the most appropriate method (Khan et al. 2002;
Lynch et al. 2003; Millspaugh and Washburn 2004). Ideally, the best field-storage
method should be determined for each study. In general, however, immediate
freezing at –20�C or lower, drying, or extraction in ethanol, are acceptable. For
international shipping, some countries require that potential pathogens in fecal
samples be killed using, for example, ethanol, formalin, acetic acid, or autoclaving.

In contrast to the advantages, fecal samples have several drawbacks. First, only
steroid hormones and their metabolites can be measured, since peptide hormones
are broken down in the digestive tract. Even for steroids, calculating an accurate
concentration that reflects blood concentrations of the hormone being measured in
impossible. No method exists for indexing excretion rate in feces, such as creatinine
in urine. Instead, concentrations of hormones are calculated relative to the weight
of dry matter, or undigested material, in the sample, which vary from sample to
sample. This variability can be especially dramatic in large carnivores that may not
eat daily. Seasonal changes in diet that may contain different percentages of fiber
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also confound interpretation of results (Wasser et al. 1993), as do changes in food
intake for hibernating animals.

12.5.4 Saliva

Salivary concentrations of both peptide and steroid hormones correlate well with
blood levels (Cook 2002) and collection of samples has been relatively successful in
a number of domestic and captive wildlife species. However, collecting saliva from
free-ranging animals is a challenge under field conditions.

12.5.5 Hair

A recent method for assessing steroid hormone production has come from the need
to test athletes for use of performance-enhancing androgens, commonly (and
erroneously) referred to simply as “steroids.” Hair samples reveal hormone levels
during the period of hair growth and document drug use during that time. For
non-human animal research, measuring cortisol, another steroid hormone, in
studies of stress is more common. This approach can be more useful than point
sampling with blood or excretory products, since it reflects patterns over a longer
period of time (Koren et al. 2002). A difficulty for field sampling is determining
when hair growth began (or ended). One way to control that variable is to shave an
area and capture the animal again after the desired period, shave again, and analyze
the steroid content of that new growth (Davenport et al. 2006). For animals that
shed seasonally, using either the shed hair or new growth provides a rough
approximation for the timing of hair growth. Domestic dogs have variable cortisol
content of hairs that contain different color pigments (Bennett and Hayssen 2010).
Consequently, hormone content of hair may vary by season for species with
varying coat color (weasels, Mustela spp); hormone levels taken at the same time
may not be comparable for animals with different hair color, and one should use
hair of the same color when sampling species with patchy color (e.g. African wild
dogs).

Unlike hair collection for genetic studies, the follicle cells are not necessary for
hormone extraction; steroid hormones appear to be incorporated in the hair shaft
as it grows. The amount of hormone being released from sebaceous glands
surrounding the hair follicles is of concern, though, since hormones in the
glandular secretions typically coat the exterior of hair shafts. Various methods
have been tested for washing the exterior before hormone extraction, so as not to
remove the target hormone in the hair shaft interior (Davenport et al. 2006).
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12.6 Non-endocrine techniques for studying reproduction

Although not practical for all field research projects, standard measures of repro-
ductive function may be appropriate and feasible in some circumstances or to
answer particular questions. Some traditional methods and measurements are
commonly used when animals are trapped or when examining carcasses; others
are more technologically advanced, such as ultrasound.

12.6.1 Males

Testis measurements (Chapter 6) generally correlate with sperm production.
Ultrasound allows more accurate measurements of testis size than is possible
using calipers, and can also be used to assess testicular activity (Eilts et al. 1993).
Semen can be collected from anesthetized males using electroejaculation (Green
et al. 1984; Wildt et al. 1984; Wildt et al. 1986; Brown et al. 1989; Farstad 1996;
Kojima et al. 2001; Johnston et al. 2007) and sperm can be retrieved post-mortem
from the testis or epididymis (Pérez-Garnelo et al. 2004).

12.6.2 Females

Vulva measurements reflect reproductive condition (Table 12.5), since estradiol
stimulates vulval swelling in most females in proestrus and estrus. Single smears of
vaginal epithelial cells are diagnostic of estrus in species where cytological patterns
have been established, but sequential samples revealing relative changes are more
informative (African lion, Liche and Wodzicki 1939; red fox, Bassett and Leakley
1942, Boue et al. 2000; raccoon, Sanderson and Nalbandov 1973; coyote, Ken-
nelly and Johns 1976, Carlson and Gese 2008; raccoon dog, Nyctereutes procyo-
noides, Valtonen et al. 1977; wolf, Canis lupus, Seal et al. 1979; brown hyena,
Hyaena brunnea, Ensley et al. 1982; black-footed ferret, Mustela nigripes, Hillman
and Carpenter 1983; North American otter, Lontra canadensis, Stenson 1988;
steppe polecat, Mustela eversmanni, Mead et al. 1990; cheetah, Asa et al. 1992;
wolverine, Gulo gulo, Mead et al. 1993; fennec fox, Vulpes zerda, Valdespino et al.
2002; giant panda, Durrant et al. 2003; bush dog, Speothos venaticus, DeMatteo
et al. 2006a; gem-faced civet, Paguma larvata taivana, Liu et al. 2007; sun bear,
Helarctos malayanus, Frederick et al. 2010). In members of the genus Canis, signs
of sanguinous uterine discharge are indicative of proestrus and estrus (Table 12.5),
and some degree of non-sanguinous uterine and vaginal discharge is common in
most female mammals during those periods.

Ultrasound can be even more useful in females than in males, since it can detect
follicles and corpora lutea on the ovaries as well as embryos in utero, long before
manual palpation is effective in diagnosing pregnancy. In addition, an experienced
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ultrasound technician can count the number of embryos or fetuses and, depending
on the species, may be able to estimate the expected time of parturition (Boue et al.
2000; Clifford et al. 2007). Newer battery-powered instruments can be taken into
the field easily. Unfortunately, current ultrasound resolution is not effective in
detecting placental scars, the traditional method for counting the number of fetuses
in past pregnancies.

Although not yet incorporated into a field study as an indicator of proestrus or
estrus, ample evidence exists from several domestic species that an increase in
activity is associated with increased estrogen (Gerall et al. 1973; Roelofs et al.
2005). This increased locomotion can be monitored by simple pedometers and
with radiotelemetry units that distinguish degrees of movement (Williams et al.
1986). Temperature telemetry can also be used to monitor reproductive condi-
tions, since progesterone concentrations correlate with basal body temperature.
Basal body temperature increases around the time of ovulation, when progesterone
rises and falls, and just before parturition when progesterone concentrations
decline (Christie and Bell 1971a). In domestic dogs, basal body temperature,
which falls by about 1�C approximately 24 hours before parturition, is often
used to indicate of impending birth (Concannon et al. 1977b).

Table 12.5 External signs of proestrus or estrus.

Reference

Vulval swelling

Raccoon, Procyon lotor (Whitney and Underwood, 1952)

Marten, Martes americana (Enders and Leekley, 1941)

Stoat, Mustela erminea (Gulamhusein and Thawley, 1972)

European polecat, Mustela putorius (Hammond and Marshall, 1930)

Black-footed ferret, Mustela nigripes (Hillman and Carpenter, 1983)

Wolverine, Gulo gulo (Mead et al., 1991)

Gem-faced civet, Paguma larvata taivana (Liu et al., 2007)

Red fox, Vulpes vulpes (Mondain-Monval et al., 1977)

Fennec fox, Vulpes zerda (Valdespino et al., 2002)

Bush dog, Speothos venaticus (DeMatteo et al., 2006b)

Raccoon dog, Nyctereutes procyonoides (Valtonen et al., 1977)

Black-backed jackal, Canis mesomelas (van der Merwe, 1953)

Sanguinous Discharge

Coyote, Canis latrans (Kleiman, 1968)

Wolf, Canis lupus (Seal et al., 1979)

Black-backed jackal, Canis mesomelas (van der Merwe, 1953)

Raccoon, Procyon lotor (Whitney and Underwood, 1952)

Gem-faced civet, Paguma larvata taivana (Liu et al., 2007)
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12.7 Gamete preservation and assisted reproduction

Although not historically of importance, management of small, endangered, and
threatened populations may benefit from gamete retrieval and preservation, partic-
ularly from genetically valuable individuals. Methods applied to domestic and
captive species (Holt and Pickard 1999; Farstad 2000; Andrabi and Maxwell
2007) may in some cases be appropriate and advantageous for free-ranging
animals.

For males, semen can be collected by electroejaculation under anesthesia when
animals are trapped for radio-collaring or other procedures. Likewise, sperm can be
retrieved directly from the testes, epididymides or vas deferens of males that have
recently died (Anel et al. 1999; Pérez-Garnelo et al. 2004; Ganan et al. 2009).
Before cryopreservation, semen requires addition of a diluent or extender to protect
sperm cells from damage during freezing and thawing (Hammerstedt et al. 1990;
Parks and Graham 1992; Holt 2000). Extenders have been tested for many
carnivore species. Semen cryopreservation can be accomplished in the field using
liquid nitrogen vapor, such as from a “dry shipper,” an insulated container that
absorbs liquid nitrogen into its lining to prevent spillage during transport.

Collecting and preserving female gametes is considerably more challenging.
First, oocytes are much more difficult to collect than sperm. Methods include an
ultrasound-guided needle to aspirate oocytes directly from ovarian follicles or
surgical removal of ovaries for better access to follicles and higher oocyte yields
(Brogliatti and Adams 1996). Second, traditional semen-freezing techniques do
not succeed with oocytes. A new, practical technique has proven successful with a
number of species. Oocytes can be vitrified, which entails gradual dessication via
successively more concentrated media baths followed by plunging into liquid
nitrogen (Vajta and Kuwayama 2006). This technique is too specialized for field
application, but special cases, where genetically valuable females may be lost, as
during disease outbreaks, may warrant consideration of heroic measures. Removal
of ovaries for shipment to a lab within 10 hours may be adequate for oocyte rescue
and preservation (e.g. Mexican wolf, Canis lupus bailey, Boutelle et al. 2011).
Cryopreserved sperm can be incorporated into the population via artificial insemi-
nation (AI), which is the simplest assisted reproduction technique (ART). Other
ARTs include in vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI),
embryo transfer, and even cloning. Intracytoplasmic sperm injection might be
justified in cases of post-mortem sperm retrieval when sperm quality or vigor is
compromised by initial stages of degradation. Given profound species’ differences
and the poor success rate of other assisted reproduction techniques in most species,
AI is the technique most likely to be useful for field applications.
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Although a variety of methods exist for introducing sperm into a female’s
reproductive tract, the greater difficulty is determining the appropriate time for
insemination; the lifespans of sperm and egg are finite, and an egg is only present
for fertilization around the time of ovulation. Fortunately, estrus and ovulation can
be induced for timed insemination with an increasing number of protocols, e.g.
gonadotropins and GnRH agonists (Asa et al. 2006), that may make AI more
practical in the field.

The prospects for using cryopreserved female gametes are limited, since they
require in vitro maturation followed by in vitro fertilization and embryo transfer
into a recipient female. In vitro maturation and in vitro fertilization must take
place, of course, in a properly equipped lab, but embryo transfer could potentially
be accomplished with an anesthetized female in the field. Alternatively, cryopre-
served gametes could be used more easily in captive animals whose offspring could
supplement free-ranging populations as an indirect method of improving genetics.

12.8 Control of reproduction

Reproductive management includes both enhancing and controlling which ani-
mals breed and how many young are produced. Concerns for animal welfare and
failure of lethal means to reduce problematic populations effectively have led to
interest in using non-lethal methods to control populations (Asa and Porton 2005;
Porton 2005). Non-lethal methods include permanent sterilization or reversible
contraception and can be accomplished either surgically or chemically (Asa 2005;
Kirkpatrick and Frank 2005; Asa and Porton 2010). Gonadectomy or chemical
destruction of gonads do prevent an individual from reproducing, but these
methods also eliminate gonadal hormones (testosterone in males, estradiol and
progesterone in females). Gonadal hormones stimulate sexual behavior and also
secondary sex characteristics (e.g. a male lion’s mane) and other aspects of socio-
sexual behavior, such as territory maintenance. Furthermore, if all males in a
population are not sterilized, those remaining fertile are likely to inseminate
more females than they otherwise might, compensating for the ones eliminated
from the breeding pool. In contrast, males vasectomized, either surgically or
chemically, continue to guard territories and females. Studies have shown that
vasectomized coyotes and wolves maintain pair bonds despite failure of the pair to
produce young (Spence et al. 1999; Bromley and Gese 2001).

Vasectomy is contraindicated in species with induced ovulation, since sterile
copulations are followed by pseudopregnancies with elevated progesterone that can
cause overgrowth of the uterine endometrium, predisposing the female to poten-
tially life-threatening infection (pyometra) or development of tumors. Carnivores

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

292 | Carnivore Ecology and Conservation



appear to be more vulnerable than ungulates and primates to the potentially
deleterious effects of progesterone or synthetic progestins used as contraceptives
(Munson et al. 2005). Canids that have repeated pseudopregnancies, with asso-
ciated high levels of progesterone, have higher incidence of pyometra than females
that regularly give birth (Devery 2010). Currently, no safe, effective non-surgical
method of permanent sterilization exists for female carnivores. Tubal ligation,
which is somewhat less invasive than ovariectomy, subjects females to repeated
estrus and pseudopregnancy associated with elevated concentrations of progester-
one. Ovariectomy eliminates production of both estradiol and progesterone but
will also likely interfere with formation of pairs and maintenance of pre-existing
pair bonds (Asa 1996).

The GnRH agonists provide safe, effective, and reversible contraception for
both male and female carnivores, but the length of efficacy may not be more than
one or two years, necessitating retreatment for longer periods of suppression
(Bertschinger et al. 2001; Boutelle and Bertschinger 2010). Their disadvantage is
that they produce a condition similar to gonadectomy, wherein testicular and
ovarian steroids are suppressed, altering behavior.
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13
Investigating cause-specific mortality and

diseases in carnivores: tools and techniques

Greta M. Wengert, Mourad W. Gabriel, and Deana L. Clifford

Conservation of carnivores entails an understanding of ecology and life-history
requirements of species, which is essential for identifying the factors limiting or
threatening populations. Because population growth and persistence relate to
mortality and fecundity, identification of threats requires thorough characteriza-
tion of cause-specific mortality or causes of low fecundity, along with representa-
tive sampling to ensure an unbiased perspective on the relative importance of
specific causes. Disease, as a potential cause of mortality or influence on reproduc-
tive success, can be easy to overlook as a contributing cause of population decline.
For this reason, a working knowledge of disease processes at individual and
population levels, and basic methods to study these processes, are vital to biologists
and managers involved in carnivore conservation. In this chapter, we describe
several tools and techniques for collecting biological data and samples to study
cause-specific mortality and the presence of pathogens and disease in carnivores,
and emphasize the necessity for thoroughness and representativeness. We offer a
variety of ways to analyze mortality and disease data through epizootiological
studies and modeling programs. Lastly, we present a variety of commonly used
disease-intervention programs for the prevention or control of detrimental patho-
gens in carnivore populations.

13.1 Determining causes of mortality in carnivores

Studies of sources of mortality should accomplish two objectives: thorough under-
standing of the direct and indirect reasons for the death of each individual, and the
relative frequency and importance of each contributing cause of mortality to the
population as a whole. The latter requires representative sampling, a sufficiently
large sample size, and knowledge of whether sources are additive or compensatory,
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in addition to accomplishment of the first objective. Here we focus on the
techniques for finding, recovering, and analyzing carcasses effectively, in itself a
challenging task, but stress that this information translates to effective management
only if causes of mortality are evaluated in terms of their effects at the population
level.

13.1.1 Locating dead animals to determine cause-specific mortality

Continuous monitoring, or at least daily monitoring, of transmitter-tagged animals
is the most effective technique for locating dead animals quickly enough to
determine the cause of death and understand predisposing factors. Such monitor-
ing, however, requires extensive live-trapping (Chapter 5) to outfit many animals
with transmitters, and is expensive, requiring extensive person-hours of ground
telemetry, frequent flights to locate animals, or expensive satellite-transmitter
systems that report at least daily.

Most wildlife transmitters with a VHF telemetry component and GPS/Argos
telemetry packages can be equipped with mortality sensors (Chapter 7). Sensors
cause VHF units to pulse at different rates, indicating whether an animal has
moved or not for a pre-set period of time, allowing a researcher to locate a dead
animal reasonably quickly. Alternatively, some researchers use activity sensors if
studying activity patterns is a research goal. Though not as effective as mortality
sensors, repeated “inactive” signals suggest possible mortality, prompting a
researcher to locate an animal and verify death vs. extended inactivity.

Alternatively, non-probability sampling, or convenience sampling, is used com-
monly to find dead animals. Unfortunately, such opportunistic sampling with no a
priori sampling design is characterized by large sampling error and commonly
misrepresents the relative importance of causes of mortality in the population
(Nusser et al. 2008). Thus, if determining cause-specific mortality is a main
objective of a carnivore research program, a sampling design is mandatory.

Direct interaction with personnel of public agencies, including transportation
departments, state and national parks, and game-management agencies, can pro-
vide a wealth of information on the locations or final dispositions of carcasses
found by their personnel (Knight et al. 1988). Animal-removal services or depre-
dation programs also provide carcasses and information on locations of carcasses.
Additionally, local wildlife-rehabilitation centers and veterinary clinics may gener-
ate information from the public on morbidity and mortality of wild carnivores.
Regularly scheduled contact with a agency and other pertinent personnel may yield
samples with less bias than completely opportunistic sampling.

For research on road mortality, schedule systematic road-kill surveys. Surveys of
equal, or representative, lengths along roads of different classes throughout a study
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area allow inference about the rates of road-induced mortality on roads of different
classes by individuals of different age classes and sex (if age and sex data are
collected; Clarke et al. 1998).

13.1.2 Handling dead animals and important precautions

Approximately 75% of emerging human infectious diseases originate in animals
(Taylor and Latham 2001). Therefore, researchers should be familiar with the
common routes of disease transmission and with the clinical signs of pathogens
that can be passed between animals and people (zoonotic pathogens) before
starting research. Accordingly, when handling carcasses, the following basic pre-
cautions should be observed to minimize risk of researcher exposure to diverse
zoonotic pathogens, including some that are quite debilitating and sometimes fatal,
like rabies. First and foremost, wear personal protective equipment when handling
dead and live animals. Gloves (latex, nitrile, or vinyl) provide protection from most
biological agents and some chemical agents. Masks prevent the transmission of
airborne zoonotic pathogens (Wong et al. 2009), especially important when
performing field necropsies. Double-bag a carcass with plastic bags that are
thoroughly sealed, airtight, and well-labeled. If possible, keep the carcass on ice,
or at least cool, until it can be refrigerated. If it cannot be sampled or necropsied
within 24–36 hours, freeze it. Store carcasses and tissues in an area that is not used
by humans or domestic animals; especially avoid freezers and refrigerators used to
store food. Researchers should also carry an easily accessible informational card
advising medical personnel that zoonotic diseases should be considered in differ-
ential diagnoses, in case a researcher cannot do so him- or herself.

Whenever possible, tag a limb of the animal with relevant information; at a
minimum include the date and time, location where the carcass was collected
(latitude and longitude, if possible), the collector’s name and contact information,
and other important reference information (i.e. project name, affiliations, etc.).
Munson (2006) detailed the safest, most effective methods for collecting, storing,
and shipping carcasses for necropsy and diagnostic testing (also consult www.
nwhc.usgs.gov/mortality_events/shipping_instructions.doc).

13.1.3 Field-data collection at mortality sites

In human forensics cases, thoroughly documenting the details of the scene is
essential. Likewise, when investigating the cause of mortality in wildlife, follow
strict protocols to investigate a mortality site. Upon discovery of a deceased animal,
leave the carcass and site undisturbed until fully photographed. Key characteristics
to record include: whether the carcass was cached by a predator; whether the
carcass was intact, dismembered, or partially consumed; whether the carcass was

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

296 | Carnivore Ecology and Conservation



dragged; and other notable features of the site. For example, the position or
location of a carcass may suggest whether the animal secured itself in a sheltered
location due to extreme morbidity before death. If interested in linking habitat
features to mortality risk, especially in the case of predation (Kunkel and Pletscher
2000; Hebblewhite et al. 2005), record information on habitat and terrain in
detail. Write complete directions to reach the site, flag the location to facilitate
return to the site, if necessary, and record the location with a GPS unit.

13.1.4 The clinical necropsy

More often than not, the reason for death of an animal is not obvious at first
examination, and multiple factors may have interacted to cause death. To under-
stand the underlying factors that contribute to mortality, both at the individual and
population levels, conduct clinical necropsies. Ideally, field biologists or wildlife
managers can collaborate with veterinary pathologists experienced with wildlife to
conduct systematic, thorough necropsies. Because we strongly suggest that carni-
vore researchers studying mortality make every attempt to have carcasses investi-
gated in a pathology laboratory, we highlight fundamental components of a
necropsy in order to inform researchers observing or assisting with necropsy.

Hemorrhage is easily identified during necropsy and is used to determine
whether injuries occurred ante- or post-mortem. Photograph all areas of hemor-
rhage such that the pathologist, if not present, can later characterize the nature of
the hemorrhage. In addition to gross examination of the tissues, the pathologist
collects samples from all major organs for in-depth histological investigation, since
lesions at the cellular level may be associated with an animal’s death or morbidity
prior to death. Occasionally, immunohistochemistry, a method that detects anti-
gens within cells, is employed by the pathologist to confirm or rule out infection by
certain pathogens. Staining techniques (e.g. Gram staining, acid-fast staining) also
help detect and identify pathogens. Clinical necropsies also allow biopsy of tissues
for diagnoses of non-infectious diseases, such as cancer, which can be critical for the
health of some species (Tasmanian devil, Sarcophilus harrisii, McCallum et al.
2007; island fox,Urocyon littoralis, Vickers et al. 2007). Pathologists typically work
with toxicologists, who screen for abnormal levels of heavy metals and presence of
toxins within tissues, such as anticoagulant rodenticides or other pesticides. Gross
necropsy is also an opportune time to remove a tooth for cementum annuli
analysis, to estimate the age of the animal (Chapter 6).
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13.1.5 When clinical necropsies just aren’t feasible—a quick guide to

field necropsy

Sometimes, logistics or budgets simply don’t allow for a full clinical necropsy by a
wildlife pathologist. Whether financial constraints or remote field sites prohibit
a full necropsy, field biologists can perform field necropsies. Obtain training from a
wildlife pathologist to ensure safe and thorough necropsy procedures. Photograph
and sample all tissues for later lab analysis and secure collaboration with a
pathology laboratory beforehand to receive and analyze tissue samples. Split each
tissue sample between formalin and plastic whirlpacks on ice, then freeze the
whirlpacks as soon as possible. Collect blood, nasal, and ocular exudates, ectopar-
asites, and fecal samples. Document and record all collections and abnormal
observations (write on a necropsy form or voice-record). Consult and use the
online manual of necropsy methods (Munson 2006; http://www.vetmed.ucda-
vis.edu/whc/pdfs/necropsy.pdf). Box 13.1 contains a minimal list of tools and
supplies needed for a field necropsy.

13.1.6 Field and laboratory investigation of intraguild predation

Intraguild predation in carnivore communities can be a frequent cause of mortality
(Ralls and White 1995; Mills and Gorman 1997; Moehrenschlager et al. 2007;
Thompson and Gese 2007). When intraguild predation is suspected, photograph
the immediate surroundings and all bite wounds or obvious injuries to the dead
animal. Measurements can be taken of the bite wounds, though only punctures in
bone can be truly diagnostic for identifying predator species (Lyver 2000).

Molecular analyses are proving quite useful for determining predator species.
Until recently, these methods were restricted to identifying livestock predators
(Williams et al. 2003; Sundqvist et al. 2008), but in research on fishers (Martes
pennanti) and American martens (M. americana), intraguild predators have been
determined through sampling saliva around bite wounds and extracting DNA
(Wengert et al., unpublished data). Rub sterile, polyester-tipped swabs within
bite wounds and clip fur surrounding wounds. Store these samples in airtight
vials, and freeze at or below –20ºC. Arrange collaboration with a genetics labora-
tory ahead of time, so that the laboratory personnel can determine the most
appropriate genetic protocols for a particular project. For example, if the researcher
is studying intraguild predation on small carnivores, such as weasels or small foxes,
a variety of predators ranging from raptors to bears must be considered.

A somewhat less accurate method for identifying predators is use of molecular
techniques on feces left at carcasses (Ernest et al. 2002; Onorato et al. 2006).
Though this evidence is often only circumstantial, it can infer predator identity

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

298 | Carnivore Ecology and Conservation



Box 13.1 Minimum list of supplies and equipment a researcher should have

available during field necropsy (Munson 2006)

Personal protective equipment

• Gloves (rubber, latex, or nitrile)
• Rubber boots or plastic foot protectors
• Scrubs or coveralls
• Mask (to cover mouth and nose)
• Eye protection

Necropsy equipment and supplies

• Camera
• Field notebook and/or necropsy forms
• Waterproof writing utensils
• Labeling tape or tags
• Measuring tape
• Sharp knife and sharpening tool
• Scalpels and razor blades
• Scissors
• Forceps
• Ax or hatchet
• Bone saw
• Sterile syringes and needles
• Blood tubes (red-tops for centrifugation and purple-top EDTA)
• Sterile polyester swabs
• Rigid plastic containers with airtight lids for samples in formalin
• Sterile airtight vials for samples (swabs, ectoparasites)
• Plastic bags (zip-lock or whirl-pack)
• Ice coolers and ice packs
• Leak-proof, break-proof containers

Fixatives and disinfectants

• 10% buffered formalin
• 95–100% ethanol for fecal and exudate swabs
• 70% ethanol for parasites
• Disinfectants (10% bleach, quaternary ammonium compounds)
• Alcohol lamp or gas burner for sterilizing instruments
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when coupled with other information from the predation event. Molecular mate-
rial from the feces can also provide the animal’s individual identity (Chapter 4;
Ernest et al. 2002), sex (Chapter 4; Blejwas et al. 2006), diet (Chapter 11), and
potentially information on the predator’s health (Chapter 12).

Remote cameras can be set to identify the predator of smaller carnivores that
return to a carcass or cache site (Chapter 4; John Erb, Minnesota Department of
Natural Resources, personal communication).

13.2 Studying disease and pathogen cycles in carnivores

Disease can lead to mortality of individuals and to population reduction or
regulation (Thorne and Williams 1988; Randall et al. 2006; McCallum et al.
2007). Certain pathogens affecting carnivores, like rabies and canine distemper, are
extremely virulent and have caused dramatic population decreases and local
extinctions (Roelke-Parker et al. 1996; Laurenson et al. 1998; Timm et al.
2009). On the other hand, disease impacts may be subtle, not causing mortality
or obvious clinical signs, yet still affecting reproductive success or the ability of a
carnivore to secure enough food for itself and its offspring, or potentially making
individuals vulnerable to other forms of mortality.

13.2.1 Detection of disease, infection, and pathogen exposure

Handling live-trapped carnivores provides a perfect opportunity to collect
biological samples, including blood, exudates, feces, and parasites, for disease
screening and assessment. Even if health and disease are not the primary focus of
a study, archiving these samples for future use can reduce the need to resample
animals to obtain health information, alleviating potential negative impacts to a
population from additional handling (Chapter 6; Botzler and Armstrong-Buck
1985). Obtain technical instruction from qualified researchers or veterinarians to
avoid complications that could arise from collecting and handling animals and
biological samples improperly. Table 13.1 provides information about sampling
techniques.

13.2.1.1 Photo documentation

Photograph a carnivore under anesthesia to create a baseline reference of visual
characteristics that might vary with changes in health over time. Pelage quality can
deteriorate due to mite infestations (mange) or with emaciation linked to disease.
Tooth wear may indicate excessive biting due to ectoparasite infestation or a coarse
diet. Wounds or other external abnormalities should be reassessed if the animal is
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captured again. Photographs also document conditions of animals noted in one
region but not elsewhere.

13.2.1.2 Blood

Blood can provide critical clues to an animal’s health status (Chapter 12). Anti-
bodies in blood can be used to determine past pathogen exposure or potentially,
active infection. Fluctuations in glucose and urea levels may indicate disease.
Abnormal white blood cell counts often indicate response to viral, bacterial, and
parasitic infections. Information on collection, storage and pertinent diagnostic
tests is summarized in Table 13.1.

13.2.1.3 Feces

Feces can harbor bacteria, endoparasites and their ova, various environmentally
resistant viruses, and some labile viruses. Collect feces using a swab within the
rectum of an anesthetized animal or opportunistically collecting a scat. Feces
collected for genetic or diet studies can also be used to screen for pathogens or
parasites. Collection and storage methods for feces are shown in Table 13.1.

13.2.1.4 Exudates

Certain pathogens are transmitted by ocular, nasal, and oral exudates. Canine
herpes virus, canine distemper virus, and influenza virus are often shed within
ocular–nasal exudates, which can be tested for their presence (Williams and Barker
2001). Since many of these viruses are extremely labile, collect samples properly to
maximize chances of detecting infected animals (Table 13.1).

13.2.1.5 Urine

Though uncommon, certain pathogens are shed in urine. Leptospira species of
bacteria are shed by this route, and all carnivores can be either maintenance or
accidental hosts for Leptospira spp. Manually express the bladder and collect urine
mid-stream to avoid contaminating the sample with traces of feces or other
materials near the opening of the urinary tract. If working with trained wildlife
veterinarians, they can obtain a sterile urine sample by cystocentesis (collection of
urine with needle and syringe).

13.2.1.6 Ectoparasites and endoparasites

Collecting ectoparasites and endoparasites (Table 13.1) provides information
regarding vector-borne pathogens that may infect carnivores, such as plague
(Yersinia pestis) and heartworm (Dirofilaria immitis). Many parasites themselves
cause disease in carnivores, such as mange caused by mite infestation or infections
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with helminths or protozoans. Parasites also provide information on the life-history
traits of the focal carnivore, such as habitat associations of parasites in turn
providing clues to habitats the carnivore may have visited. Many endoparasites
require specific intermediate hosts that are eaten by carnivores, thereby providing
insight to a carnivore’s diet.

13.2.1.7 Rapid diagnostic testing for disease

Several rapid diagnostic tests (RDT) are available for detecting pathogens of
domestic animals, including heartworm, distemper virus, parvovirus and rabies.
Although these tests are convenient, rapid diagnostic tests that have been devel-
oped for domestic animal use cannot simply be transferred for use in wildlife
(Stallknecht 2007). First, validate any rapid diagnostic test to be used on wild
carnivores against an acceptable gold standard test to determine its effectiveness
with the focal species (Stallknecht 2007). Recent evaluation of a parvovirus RDT
on fisher and gray fox (Urocyon cinereoargenteus) fecal samples demonstrated that
the test failed to detect any parvovirus infections, while the conventional parvovi-
rus PCR readily detected the virus in many of the same samples (Gabriel et al.
2010).

13.2.1.8 Disinfection considerations

Many pathogens that infect carnivores are generalists, affecting members of many
sympatric carnivore species. Furthermore, many of these pathogens are stabile in
the environment (e.g. parvoviruses). Steps can be taken by researchers and man-
agers to avoid spreading disease inadvertently via indirect monitoring equipment
like cameras, scent-stations, and track plates, in addition to live-traps and handling
equipment. After every new animal contacts the equipment, remove all fecal
material and visible exudates and then disinfect the equipment (always wear
personal protective equipment). Many disinfectants are suitable for neutralizing
most pathogens of concern, but safety and application methods determine which
are most appropriate. Sodium hypochlorite, or bleach, is a common choice of
disinfectant and is readily available and inexpensive. Use a dilution of 1:32 up to
1:10 to cover the contaminated surface and let it remain there for at least 10
minutes. Though hazardous if ingested or inhaled, it is very effective in neutraliz-
ing even highly resistant viruses (Gilman 2004). Quaternary ammonium com-
pounds are available from veterinary and tack and feed supply stores (e.g. Roccal-
D®, Parvo-sol®, Spectrasol®). This group may not be particularly effective for
neutralizing resistant viruses (Kennedy et al. 1995; Eleraky et al. 2002), but should
be effective for removing many pathogenic bacteria and some labile viruses.
Potassium peroxymonosulfate, a relatively new class of disinfectant marketed as
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Virkon-S® or Trifectant®, is effective for neutralizing a wide array of pathogens
including resistant viruses. This disinfectant has low toxicity and few corrosive or
irritating properties.

13.2.1.9 Indirect animal sampling

Direct sampling of live animals is the most sensitive and reliable technique for
diagnosing disease, detecting infection, or documenting prior exposure to patho-
gens. However, constraints to capturing and processing multiple individuals,
especially rare, elusive, or trap-shy carnivores, often preclude direct sampling.
Two alternatives to direct animal sampling are collecting feces for pathogen
detection and sampling opportunistically-found carcasses.

When collected with an a priori systematic sampling design, fecal sampling can
provide prevalence data for fecally-shed pathogens that are known to infect many
carnivore species, such as parvoviruses, coronaviruses, many helminthes and pro-
tozoans, and potentially canine distemper virus (Ballmann-Acton and Elaine
2009). Scrape or cut the outside of feces to ensure that the mucous, gastrointestinal
epithelium, and virons lining the epithelium are included in the sample. This
method also ensures that DNA from the focal animal is sampled, allowing accurate
species identification (Chapter 4). Store samples in 95–100% ethanol to fix the
pathogen’s DNA or RNA and the focal carnivore’s DNA. Sampling design should
accommodate the likelihood of sampling individuals multiple times. Individual
identities can often be verified using fecal DNA. Depending on research objectives,
this allows the researcher to use only samples from different individuals to avoid
pseudoreplication, or to track clearing of infections and shedding cycles within the
same individuals over time.

Carnivore carcasses provide a wealth of information on the health status of a
population. As mentioned earlier, working with agency personnel and trappers or
hunters can generate a sample of carcasses greater than can be achieved by
researcher-based collection alone. Collect blood directly from the right heart
ventricle using a sterile syringe. Take care not to puncture the heart prior to
drawing blood, as blood within the heart is the most sterile and keeping the
heart intact ensures blood sterility. Collect all other samples similarly to methods
described earlier in this chapter for live animals and in Table 13.1.

13.2.2 Epizootiology in carnivore populations

Epizootiology is the study of population-level patterns of disease in animals. It
assesses disease risk in a population, correlating “risk factors” such as animal
characteristics (e.g. sex, age, habits) and environmental variables to pathogen
exposure, infection, and transmission. Knowledge of baseline information on
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population health is essential to assess disease risk accurately and understand
whether pathogens occur at an “enzootic” rate (expected and relatively low,
constant rate) or “epizootic” rate (elevated rate that is unexpected due to its
temporal patterns, spatial patterns or frequency; Wobeser 2007).

13.2.2.1 Incorporating age structure

Pathogens affect some age classes more than others; thus understanding the age
structure of a population in relation to disease dynamics is integral for characteriz-
ing disease risk and past epizootics. For example, a population missing a particular
cohort may have experienced an epizootic of a pathogen that selectively affects
juveniles when that cohort was young. When this evidence is supported by high
prevalence of exposure to that particular pathogen in older cohorts, one can more
conclusively infer the epizootic history of the population.

13.2.2.2 Incorporating fecundity

Pathogens affect carnivore reproductive success through many mechanisms,
including abortions and reduced survival of offspring. Although challenging to
obtain, data on pregnancy rates, neonatal loss, and survival of juveniles allows
inferences about pathogen exposure and fecundity. Pregnancy status can be
assessed in free-ranging carnivores (Chapter 12) by detecting relaxin hormone in
blood, serum, plasma, or urine (Carlson and Gese 2007; De Haas van Dorsser et al.
2007; Bauman et al. 2008), detecting fecal progesterone in induced ovulators
(Brown 1997), and using ultrasound (McNay et al. 2006; Clifford et al. 2007).
For carnivores with known dens, young can be counted directly or less invasively
by using small “peeper” cameras (e.g. Sandpiper Technologies, Manteca, CA). If
examination of preweaning young is possible, collect samples for disease testing
and mark young uniquely for later identification (Chapter 7) and correlation of
neonate survival with pathogen exposure. Collect and test feces at dens for diseases
and parasites of weaned offspring.

If pregnancy can be documented and fetuses counted via ultrasound, and
pregnant females tracked via telemetry, remote cameras can be placed near dens
to document emergence of the young, thereby providing an index of perinatal
mortality (Clifford et al. 2007). Given sufficient sample sizes, perinatal mortality
together with pathogen exposure histories of females allows inference regarding
effects of disease on reproductive performance of females. Long-term demographic
data combined with disease prevalence or pathogen exposure rates can reveal
otherwise undetectable impacts of disease. Thirty years of demographic data on
wolves (Canis lupus) in Minnesota showed that pup survival decreased dramatically
after the appearance of canine parvovirus in the population, lowering annual
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population growth rates (Mech et al. 2008). Long-term datasets of placental
scarring or other pregnancy stages with corresponding disease data can be collected
from animals that are harvested.

13.2.2.3 Estimating contact rates

The transmission rate, or rate at which a disease is transmitted throughout a
population, depends on (1) how often an animal capable of contracting the disease
contacts an infected animal or infectious material (contact rate), and (2) how likely
that contact is to result in disease transmission. Proximity data-loggers affixed to
animal collars estimate contact rate by recording the number and specific times of
contact with another collar, estimating the probability and frequency of contacts
(Böhm et al. 2009; Hamede et al. 2009). Users can program the distance between
collars required to log as a “contact.”

From home ranges calculated as utilization distributions (use raster format),
researchers can calculate the probabilities of two individuals being in their area of
home-range overlap at the same time, and can test for avoidance or attraction by
comparing actual use of the overlap to that predicted for random use (Chapter 9).
These probabilities can be used as a proxy for contact rate and predict risk of
pathogen spread throughout populations of different densities (White et al. 1995;
Kauhala and Holmala 2006).

At natural or human-made sites where animals gather, such as watering holes,
large animal carcasses, supplemental feeding stations, or latrine sites, remote
cameras can provide data on interactions and log contacts between conspecifics,
as well as among species (Macdonald et al. 2004a). These data can be used to
calculate nightly contact rates (Totton et al. 2002). When direct contact between
individuals is not necessary for pathogen transmission (as in the case of parvo-
viruses, coronaviruses, and many nematodes and protozoans), simple contact
between an individual and an infected animal’s feces may be considered an effective
contact in the disease sense, and these interactions could be well-documented and
quantified at latrines using cameras (Page et al. 1999).

Finally, another indicator of contact between individuals is multispecies latrines
and areas where many animals leave scats for marking. Especially where over-
marking occurs, these areas can be used to develop an index of contact rate for
fecally-shed pathogens. Documenting presence of scats from domestic animals in
these areas also helps assessment of spillover risk, especially from dogs and feral
cats, whose scats should be collected and tested for pathogen presence.
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13.2.3 Modeling techniques in disease ecology

Mathematical modeling contributes to the understanding of researchers and man-
agers of disease transmission dynamics within and among carnivore populations,
and assists in building hypotheses for the occurrence, spatial spread and popula-
tion-level impacts of disease. SIR models, a form of “compartment model,” are
commonly used to model disease dynamics and epidemics. In these models,
individuals move among compartments depending on whether they are susceptible
to (S), infected with (I), or recovered from (R) a disease (Abbey 1952). Differential
equations derived from contact rate and disease prevalence data estimate the rates
at which individuals move among the S–I–R compartments. Population demo-
graphic parameters, density dependence, and stochasticity can be included. Spatial
modeling approaches, including nearest neighbor, moving window analyses (Alex-
ander and Boyle 1996), simulation models (Deal et al. 2000), and diffusion models
(Moore 1999; Adjemian et al. 2007), can be integrated with or “added onto” an
SIR framework. The result is spatially explicit predictions (hypotheses) for rates
and patterns of disease spread that also can be used to evaluate the effects of
different disease control actions. Stochastic simulation models combined with
disease, spatial, and demographic data from field studies have been used to assess
risk of disease spillover from domestic animals to wildlife (Clifford et al. 2009) and
to examine disease dynamics in a multihost carnivore community (Craft 2008b).

Spatial scan statistics use models to perform both geographical and time surveil-
lance on disease-occurrence data to detect and locate spatial and temporal cluster-
ing of disease. These analyses can help predict “hotspots” of disease, indicating
greater pathogenic risk, and may be important for selection of the safest and
most appropriate locations for carnivore reintroductions or vaccination programs.
Incorporating temporal data into the model may define seasonal cycles of disease or
periods of greater pathogenic risk. Examples of software for use in spatial scan
statistics are highlighted in Table 13.2.

Frequency and resultant mortality rates of disease can also be incorporated into
population viability analysis (PVA) models developed to assess extinction risk
(Lacy 2000). This approach was used to examine the risk of quasi-extinction
from canine distemper virus for endangered island foxes (Kohlmann et al. 2005).
More complex epidemiological disease dynamic models have been embedded into
population viability models to evaluate rabies vaccination strategies needed to
prevent critically low post-outbreak population densities for African wild dogs
(Lycaon pictus, Vial et al. 2006), Ethiopian wolves (Canis simiensis, Haydon et al.
2002), and to examine the effects of periodic canine distemper outbreaks on the
persistence of the Ethiopian wolf population.
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For PVA models to be truly useful for carnivore conservation, the hypotheses
they generate (usually called “predictions”) should be tested with independent data
(Powell et al., in press). Barring independent tests, models must be built using the
best-available disease, demographic and spatial data, and incorporate uncertainty in
their predictions to account for both environmental stochasticity and the limita-
tions of the data. The extinction risk generated by these models is best used as an
index. A non-exhaustive list of mathematical, spatial, and PVA modeling software
and their features is provided in Table 13.2.

Table 13.2 Computer software available for disease modeling, spatial analysis,

and disease risk assessment. Freeware programs are marked with an asterisk (*).

(All websites accessed August 21, 2011)

Name Application Website and Manufacturer

@RISK Disease risk analysis tool for Microsoft
Excel using Monte Carlo simulations

http://www.palisade.com/risk/
Palisade Corp., Ithaca, NY USA

Precision
Tree

Performs decision analysis in Microsoft
Excel using decision tree and influence
diagrams

http://www.palisade.com/
precisiontree/
Palisade Corp., Ithaca, NY USA

STELLA Icon-based and graphically oriented
systems modeling and simulation
software

http://www.iseesystems.com/
softwares/Education/StellaSoftware.
aspx Isee Systems Inc., Lebanon, NHUSA

Vensim Graphical development, analysis and
packaging program for dynamic
feedback models

http://www.vensim.com/software.html
Ventana Systems Inc., Harvard, MA USA

AnyLogic Simulation modeling software for
systems dynamics, discrete-event and
agent-based models

http://www.xjtek.com/anylogic/
why_anylogic/
XJ Technologies, Hampton, NJ USA

VORTEX* Population viability analysis http://www.vortex9.org/vortex.html
Bob Lacy, Dept. of Conservation
Science, Chicago Zoological Society,
Brookfield, IL, USA

Model
Builder*

Graphical tool for designing, simulating
and analyzing ordinary differential
equation mathematical models

http://sourceforge.net/projects/
model-builder/

SaTScan* Spatial, temporal, space-time scan
statistical program to detect spatial and
temporal clusters of disease

http://www.satscan.org
Martin Kulldorff, Harvard Medical
School, 133 Brookline Avenue, 6th
Floor, Boston, MA USA

FleXScan* Spatial scan statistical program to
detect spatial clusters of disease; allows
users to define spatial connections
among data

http://www.niph.go.jp/soshiki/gijutsu/
download/flexscan
(Tango and Takahashi 2005)
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13.3 Prevention and control of disease

Disease is a natural component of carnivore ecology. Species coevolve with patho-
gens while adapting to new pathogens, developing resistance to new strains of old
pathogens as they re-emerge, and undergoing population fluctuations that modify
the pathogen cycles they experience. Human-induced changes may increase the
frequency of disease epizootics in carnivores by introducing exotic pathogens, new
strains of pathogens, and toxins to new areas; by altering disease cycles through
changing ecological communities and reducing ecosystem function; and by driving
wildlife populations to low numbers so that they are vulnerable to stochastic
processes like disease. When humans recognize the risks posed by disease cycles
to threatened species, we must decide whether intervention is warranted, feasible,
and morally justified. Our decisions will be constrained by financial conditions,
stakeholder opinions, odds of success, the logistical ability to implement an
intervention, and often, whether the disease threatens humans or domestic
animals.

13.3.1 Intervention options: removing the causative factor

In some rare cases, the agent causing disease can be removed. This option is usually
available only for diseases caused by toxic agents, such as anticoagulant rodenticides
(Fournier-Chambrillon et al. 2004; Riley et al. 2007) and heavy metals (Laskowski
1991). Although the ideal option is removal of a toxic agent, this management
action is rife with legal, political, ethical, financial, and cultural issues, which often
delay or prevent removal of the agent. This lengthy and complex process is typified
by the years needed to ban lead ammunition throughout the range of the California
condor (Gymnogyps californianus), (Title 14 California Code of Regulations, sec-
tion 475). In the end, despite clear biological information, most decisions are based
on sociological, political, and economic issues.

13.3.2 Intervention options: manipulating the host population

The cycle of infectious disease depends on a range of host-population character-
istics that influence the intensity, infection rate, and duration of an epizootic.
Demographic and population parameters, such as density, vital rates, and social
systems influence how a disease behaves in a population, and therefore, changes in
these parameters alter the course of the disease. Public health specialists and wildlife
managers have used attributes of pathogen cycles to develop management techni-
ques for wildlife diseases; managing the affected host population is usually more
feasible than attempting to eradicate a pathogen. First, managers must understand
the ecology of the pathogen and the host within the area of interest. They must
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know whether the pathogen is a specialist or generalist, whether it circulates
through a community of many different species, and whether it has vectors and
intermediate hosts.

13.3.2.1 Treating individuals

One way to reduce disease transmission is to reduce the number of susceptible or
infected individuals under a threshold density below which the pathogen cannot
persist. Treating infected individuals through focal animal treatment (e.g. treating
bobcats, Lynx rufus, with ivermectin for infestations with notoedric mange; Riley
et al. 2007) or mass distribution of medicines via food bait (e.g. antihelmintics in
red foxes, Vulpes vulpes, against the tapeworm Echinococcus multilocularis; Hegglin
et al. 2003) directly reduces the number of infected animals and inherently reduces
the infection rate.

13.3.2.2 Culling

Through a somewhat controversial method to control disease, managers can reduce
contact rates and disease prevalence by reducing a dense host carnivore population,
or “culling.” Three approaches to culling can be effective: (1) culling only infected
individuals, (2) culling randomly over a large area simply to reduce population
density, and (3) culling in a specific area to create a barrier to pathogen spread (e.g.
a cordon sanitaire). The second approach has been attempted numerous times
throughout the world with mixed success, often directed towards carnivores
because of the zoonotic threat of rabies (Irsara et al. 1982; Rosatte 1988). Local
depopulation to create a barrier to disease spread has shown some success in rabies
control (Gunson et al. 1978). When employing any culling program for disease
control, choosing the correct target species or group of species is paramount, as is
understanding potential indirect effects of depopulation, such as opening terri-
tories and inducing immigration of infected individuals from adjacent areas
(Woodroffe et al. 2006).

13.3.2.3 Vaccination

Through vaccination, managers reduce the number of susceptible hosts by switch-
ing them to the equivalent of “recovered.” A number of new vaccines developed for
domestic animals has been validated for wild carnivores and used in control
programs, conservation programs, and carnivore reintroductions. Effective and
safe vaccines are those that: (1) do not produce disease in the host, (2) provide
long-term immunity, (3) protect the species of concern against all strains or
varieties of the pathogen, (4) cannot revert to virulence, and (5) allow one to
distinguish between individuals with vaccine-induced immunity and natural
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immunity (Wobeser 2007). Managers and biologists should first consult with a
wildlife veterinarian to determine the safest, most effective, appropriate vaccine for
the focal species.

Broad-scale vaccination using widely broadcast, vaccine-laden baits is regularly
implemented to control rabies in carnivores throughout the world (Stöhr and
Meslin 1996; Slate et al. 2005; Niin et al. 2008; Sterner et al. 2009; Capello
et al. 2010). These programs have met with mixed, though generally positive,
success after all costs are accounted (Sterner et al. 2009). Appropriate baits must be
chosen for the target species and are typically distributed throughout a large
geographic area by hand or by aircraft. Oral rabies vaccine packages contain a
biomarker (often tetracycline) that allows biologists to assess whether a particular
individual has consumed the bait and vaccine, thus allowing the percentage of the
population that was vaccinated to be estimated. Targeting a particular host
carnivore is difficult with broadcast baits, sometimes requiring that more baits be
used than needed just for the target carnivore species.

Another approach to vaccination is trap–vaccinate–release (TVR), where ani-
mals are live-trapped, vaccinated typically by intramuscular or subcutaneous
injection, and released at the capture site (Rosatte et al. 1992). TVR programs
can target specific carnivore species that may not readily consume oral baits, release
non-target species for which the vaccines are not suitable, and use vaccines that
have not been developed in an orally administered form, such as vaccines for
distemper virus and parvoviruses. TVR programs can be integrated into ongoing
trapping and monitoring programs, allowing for initial and follow-up blood
samples to determine pathogen exposure prior to, and post, vaccination. Survival
of vaccinated individuals can be assessed through radio collaring or mark–recapture
methods.

The costs of TVR programs are usually substantially higher than mass-distribu-
tions of oral vaccines, but high bait costs and unforeseen legal obstacles of oral-bait
distribution may make TVR more desirable to managers. Some programs combine
the two methods of mass-immunization of wildlife to achieve the greatest coverage
of a focal population(s) (Sterner et al. 2009). Vaccination programs for free-ranging
carnivores should be adaptively designed with a monitoring component to assess
the effectiveness of the program, examine costs, and reassess the need to continue
the program.

13.3.3 Intervention options: manipulating sympatric species including

domestic animals

The objective of many mass-vaccination efforts is to minimize disease risk to
humans and domestic animals. In most of North America and Europe, many
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domestic animals are protected from common infectious diseases by mandatory
immunizations. In many other regions of the world, however, domestic dog
populations are immense, largely unvaccinated, and pose a constant threat of
disease spillover to nearby carnivore populations. To control a pathogen in a
threatened population, one might need to manage a common, sympatric species,
which might be a domestic animal population.

When domestic carnivores pose a serious disease threat to wild carnivores, as in
the case for the Ethiopian wolf (Randall et al. 2006), domestic dog vaccination is an
essential part of the disease control program. Data on a domestic dog population
size and the contact rates between dogs, other wildlife, and the focal species, can be
incorporated into SIR-type models to estimate the minimum proportion of the
domestic dog population, or a sympatric wildlife population, that must be vacci-
nated in order to reduce spillover risk to focal species.

13.3.4 Intervention options: addressing human activities

Though few, if any, pathogens of humans directly threaten wild carnivore popula-
tions, human behavior and activities with domestic dogs and cats, often pose
threats to carnivore populations. An effective system encouraging dog vaccination
for critical pathogens can reduce disease threats to endangered carnivores (Randall
et al. 2006), if everything goes as planned. Preventing contact between domestic
animals and wild carnivores can also reduce disease threats to wildlife (Laurenson
et al. 1997), again only when pet owners are responsible.

Humans inadvertently affect wild carnivore populations by artificially inflating
the densities via supplemental feeding of wildlife with pet food left within the
reaches of wild carnivores. Humans encroach on wildlife habitats and relegate
diminishing carnivore populations to small, isolated habitat patches, increasing the
likelihood of contact among infected individuals, and, thereby, intensifying the
risk of infection throughout these populations. Elevated risks make the likelihood
of catastrophic epizootics more probable in the short term, especially for urban
carnivores that are notorious for perpetuating disease cycles, like raccoons (Procyon
lotor) and striped skunks (Mephitis mephitis). Altering the behavior of humans is a
daunting task. Developing creative solutions to these real problems must be a
priority, nonetheless, in the conservation and management of wild carnivores.
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14
Mitigation methods for conflicts associated

with carnivore depredation on livestock

John D. C. Linnell, John Odden, and Annette Mertens

The conflict between carnivores and human livestock is as old as the history of
domestication. Carnivores evolved hunting the wild ancestors of today’s domestic
animals, and the process of domestication has made these domestic animals
especially vulnerable by stripping them of much of their antipredator behavior,
alertness, and fleetness, and often placing them in landscapes to which they are not
adapted. Because of this vulnerability, humans through the millennia have devel-
oped diverse strategies to protect their valuable livestock. Nonetheless, for a variety
of socioeconomic, historical, and practical reasons, these techniques are often not
used, resulting in many conflicts between carnivores and livestock. These conflicts
fuel the bulk of the negative attitudes that some human groups hold against
carnivores, and absorb large amounts of conservation resources (both financial
and human). As a result carnivore–livestock conflicts present in many areas a
significant barrier to carnivore conservation. From the points of views of carnivore
conservation, agricultural economics, and livestock welfare, making livestock hus-
bandry practices compatible with carnivores is imperative (Breitenmoser et al.
2005; Baker et al. 2008). The vast literature on carnivore–livestock conflicts
includes both theoretical and empirically derived approaches, case studies from
every continent, and several reviews (e.g. Linnell et al. 1996; Kaczensky 1999;
Knowlton et al. 1999; Sillero-Zubiri and Laurenson 2001; Shivik et al. 2003;
Breitenmoser et al. 2005; Graham et al. 2005; Bangs et al. 2005; Sillero-Zubiri
et al. 2006; Baker et al. 2008; Inskip and Zimmermann 2009). This chapter
summarizes the topic and focuses on mitigation strategies pertinent to the twenty-
first century. We mainly focus on the large carnivore species (>15 kg) and
domestic herbivores, excluding poultry and pigs.
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14.1 Who kills whom?

Depredation occurs on every continent and in every habitat where domestic
animals and carnivores occur together. The extent of depredation, however, and
the species involved, vary widely. The most basic parameter leading to the potential
for conflict is the size ratio between carnivore and livestock. Small stock (e.g. sheep
and goats) are vulnerable to depredation by more carnivore species than are large
livestock (e.g. cattle, horses, water buffalo) and juveniles are vulnerable to more
carnivores than are adults. Table 14.1 summarizes the carnivore species that
are most commonly associated with livestock depredation on different continents.
In all, 24 species of carnivore (8 felids, 9 canids, 5 ursids, 1 mustelid, and 3 hyenas)
are commonly associated with depredation on 9 species of livestock.

Being aware of the community structure of the carnivore guild in any area is a
vital first step in planning mitigation strategies for the various life-cycle stages of the
different livestock species. As progress is made with large carnivore recovery, old
conflicts will likely return as carnivores reappear within an ecological community.
Reappearance will require continual readjustments to husbandry and management
strategies, as the necessary mitigation measures are tailored for the specific species
combinations.

14.2 Documenting depredation

Even for a given carnivore–livestock combination, depredation is highly variable in
space and time (Kaczensky 1999; Baker et al. 2008; Inskip and Zimmermann
2009). Landscape, pasture characteristics, age and sex of the carnivores, availability
of wild prey, season, use of different husbandry methods, all affect levels of
depredation. Livestock die of a wide range of other factors, including starvation,
disease, and accidents, and are stolen. Dead livestock are often found some time
after death by carnivores who are facultative scavengers, especially in extensive
ranching operations, making cause of death hard to identify objectively. Signs of
presence at a kill can be related to depredation or scavenging. Accordingly, a crucial
first step in addressing depredation is to document the extent to which depredation
actually occurs and to identify the species of the carnivores responsible. Document-
ing the extent of depredation assists in determining the costs and benefits of
addressing depredation vs. other mortality factors (Moberly et al. 2004; Azevedo
and Murray 2007). Documenting the extent of depredation is also crucial for
ensuring effective operation of potential compensation systems. Identifying the
species of the responsible carnivore is crucial for targeting mitigation or lethal
control activities.
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The most basic step is to examine all livestock found dead. Find and examine
kills as quickly after death as possible (Chapter 13); this requires frequent inspec-
tion of pastures. Depredation is always associated with physical trauma of some
type, so examining a carcass carefully should reveal bites or claw marks. Some
carnivores, such as large felids, kill very efficiently with one or few bites (usually to
the neck or throat), so the signs may be subtle. Skinning a carcass is almost always
necessary to reveal the full extent of trauma. Bite marks accompanied by subcuta-
neous bruising and bleeding separate depredation from scavenging (no bruising
and bleeding). Most carnivores have distinctive prey killing and handling techni-
ques, the sign of which often allows an experienced observer to identify the species
of carnivore responsible in the field (Bowland et al. 1992; Kaczensky and Huber
1994; Molinari et al. 2000; Levin et al. 2008; http://icwdm.org/). Some taxonom-
ically similar species, however, sometimes leave similar signs. Separation between
canid species, such as coyotes (Canis latrans), wolves (C. lupus), and domestic dogs
(C. familiaris) is difficult yet critical, as the desired response to depredation differs
among these carnivores (Ciucci and Boitani 1998). Similarly, responses differ
according to different large felids (jaguar Panthera onca vs. puma Puma concolor,
leopard Panthera pardus vs. tiger Panthera tigris). Although experienced fieldwor-
kers and technicians may be able to identify the carnivore species responsible for
some kills in areas of sympatry, visual separation is impossible for many cases.
Genetic methods that can identify species on the basis of DNA, extracted from a
carnivore’s saliva left in a bite wound, provides a powerful tool for identifying the
responsible carnivore objectively (Chapter 13; Ernest and Boyce 2000; Williams
et al. 2003; Williams and Johnston 2004; Blejwas et al. 2006; Sundqvist et al.
2008). Furthermore, the ability to identify sex and individual identity using
salivary DNA provides a powerful tool for determining whether problem indivi-
duals exist (Linnell et al. 1999). Although these methods are expensive, they are
rapidly becoming quicker and cheaper.

In some cases the extent of depredation has been highly controversial and hard
to quantify because livestock are free-ranging. In response, depredation rates have
been studied using radio-telemetry equipment that sends a signal when a sheep,
reindeer, or calf dies (remains motionless for a set time; Chapter 7). This technol-
ogy allows the rapid discovery and examination of the carcass, increasing the
chances of accurately assessing cause of death (Bjärvall and Franzén 1981; Warren
and Mysterud 2001; Oakleaf et al. 2003; Tveraa et al. 2003; Knarrum et al. 2006).
With standard husbandry, this technology may help establish baseline levels of
livestock mortality and resolve uncertainty when livestock losses suddenly increase
in an area. An important issue, however, is to leave a carcass in the field following
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autopsy, otherwise the predator may be forced to kill again to replace the lost food,
which inflates predation rates.

Enormous potential exists for widespread social conflict surrounding the uncer-
tainty of cause of death in livestock, especially when many animals are simply
“missing” (Linnell and Br�seth 2003). Therefore, documenting such losses is very
important. Technicians and fieldworkers must receive adequate training in stan-
dardized methods, and field inspections and documentation must be rigorous
(Wobeser 1996). Rigorous, standardized methods are especially important in
cases where compensation may be paid, because the consequences of the identifi-
cation have economic and legal consequences for the livestock producer.

14.3 The ecology of depredation and its mitigation

Mitigating depredation requires understanding the ecology of predation. At its
most basic, depredation occurs because carnivores eat other animals and they do
not differentiate between wild and domestic animals! Predation, however, is much
more complicated, consisting of a set of six specific, sequential steps (Linnell et al.
1996): (1) searching for and locating an animal, (2) identifying this animal as
potential prey, (3) approaching the animal closely enough to attack, (4) attacking
the animal and establishing physical contact with it, (5) killing it, and (6) consum-
ing it. Depredation is basically similar, with the exception that prey may not be
consumed fully, due either to surplus killing (Kruuk 1972a) or to the high risk of
disturbance at the kill by a livestock guardian. From the perspective of mitigation,
opportunities exist at every step to interrupt the progression.

Humans have sought new ways to protect their livestock since antiquity,
providing thousands of years of human experience. Table 14.2 places many
mitigation measures in the context of the sequence of events that describe the
predation process. Mitigation measures that hold the most promise focus on two
broad categories: those focused on carnivores (e.g. lethal control or non-lethal
removal), and those focused on livestock (husbandry methods). Addressing live-
stock depredation effectively inevitably requires use of both approaches (Bangs
et al. 2005), though the relative use of each varies greatly with circumstances.

14.3.1 Avoiding encounters between carnivores and livestock

Throughout human history, humans have attempted, on a broad scale, to elimi-
nate carnivores large enough to kill livestock (Boitani 1995). By the late nineteenth
and early twentieth centuries, this goal had almost been achieved across many
landscapes for many species (e.g. brown bears (Ursus arctos) and wolves in densely
human populated areas of Europe and North America), and resulted in a dramatic

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

Mitigation methods for carnivore depredation on livestock | 319



reduction in depredation. In the context of conservation, however, this approach is
clearly no longer acceptable. Zoning is a compromise approach that separates
carnivores and livestock geographically (Linnell et al. 2005a). Zoning takes advan-
tage of natural limits to species’ distributions, habitat selection, and active regula-
tion of carnivore distribution and density. For example, hunting and lethal control
methods can be used to minimize carnivore densities in areas where livestock have
priority. Well-designed zoning can increase the predictability of carnivore depre-
dation, which allows producers to plan their future needs and to adopt appropriate
husbandry techniques. Zoning also enables a geographical prioritization of eco-
nomic instruments, such as those subsidizing mitigation measures (Rondinini and
Boitani 2007). The long dispersal distances of many carnivores (100s of km;
Linnell et al. 2005b) dictate that zoning will work only at very large spatial scales
and will never exclude carnivores absolutely from any zone. Enough areas with
sufficient connectivity need to be zoned for large carnivores to ensure that conser-
vation goals can be achieved demographically and genetically with ecologically
viable populations (Linnell et al. 2005c).

Another prerequisite for zoning is that managers must be able to control
carnivore populations using methods that are economically and socially acceptable.
Influencing the densities and distributions of abundant carnivores that have high
reproductive rates (e.g. coyotes, Canis latrans; red foxes, Vulpes vulpes) often
requires resorting to poison, which is not allowed in most countries (Knowlton
et al. 1999; Greentree et al. 2000). For these carnivores, effective control is unlikely
to be cost-effective, and when benefits are gained, they may be small and hard to
document (Harris and Saunders 1993; Knowlton et al. 1999; Greentree et al.
2000; Moberly et al. 2004; Berger 2006). For other species that occur at lower
densities and have lower reproductive rates (e.g. bears, Ursus spp.; wolves; pumas;
lions, Panthera leo; Eurasian lynx, Lynx lynx), a wealth of examples document
where human persecution has limited their densities and distributions, both
through depredation-motivated lethal control and through recreational harvest
(e.g. Herfindal et al. 2005; Treves 2009). Two challenges of using lethal control
and a zoning system with these species are: (1) ensuring that control does not
threaten the viability of a population (i.e. by creating a sink), and (2) gaining public
acceptance for widespread population reduction of carnivores or their exclusion
from certain areas (Treves and Naughton-Treves 2005). Zoning is both socially
and ecologically complex and must be approached with caution (Linnell et al.
2005a).

A final consideration for using widespread lethal control is that reducing the
densities of large carnivores in some areas allows smaller carnivores to increase in
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density (e.g. Blaum et al. 2009), which can lead to depredation or other conflicts
with them (through mesopredator release, Palomares et al. 1995).

At a finer scale, much can be gained from locating pastures in the parts of
landscapes that are associated with habitats that carnivores avoid. Pastures and
farms most exposed to attack are usually close to areas of high carnivore density
(e.g. wolf rendez-vous sites or dens, national park borders; Oakleaf et al. 2003;
Bradley and Pletscher 2005; Holmern et al. 2007; Van Bommel et al. 2007; Gula
2008; Kaartinen et al. 2009). Avoiding areas with forest cover, riparian habitat, or
good stalking terrain, and selecting areas with high densities of roads and close to
human habitation, should reduce depredation (Treves et al. 2004; Bradley and
Pletscher 2005; Michalski et al. 2006; Azevedo and Murray 2007; Palmeria et al.
2008). Simply clumping livestock into fenced pastures, rather than allowing them
to spread throughout the forest, reduces encounters dramatically and, therefore,
depredation (Swenson and Andrén 2005; Kissling et al. 2009).

Whether abundant, alternate prey reduces depredation is equivocal. Studies of
wolves and Eurasian lynx, where wild prey were locally abundant, documented
increases in depredation, possibly because carnivores were attracted to these
habitats (Stahl et al. 2002; Treves et al. 2004; Bradley and Pletscher 2005; Moa
et al. 2006; Odden et al. 2008). Other studies, in contrast, on African wild dog
(Lycaon pictus), jaguar (Panthera onca), and wolves, found the opposite: where
livestock are perceived as alternative prey they will be killed, when or where wild
prey are not abundant (Meriggi and Lovari 1996; Polisar et al. 2003; Sidorovich
et al. 2003; Woodroffe et al. 2005a; Kolowski and Holekamp 2006). The differ-
ence may simply be a matter of scale. In large areas with an overall low densities of
wild prey, carnivores may increase their depredation pressure on livestock to
compensate for having few prey (Odden et al. 2006), but in areas where wild
prey is widely distributed and abundant, carnivores may spend most time in the
most prey-rich patches, leading to high encounter rates with livestock there and
more depredation (Odden et al. 2008).

14.3.2 Preventing the recognition of livestock as potential prey

For the last 30 years, much research has targeted aversive conditioning. The basic
principle of aversive conditioning is that carnivores experiencing a negative stimu-
lus when attacking livestock will associate the negative stimulus with livestock and
not attack livestock again. Negative stimuli tried include chemicals that induce
vomiting (or at least taste bad) placed on carcasses, electric shock collars placed on
predators, shooting predators with rubber bullets or exploding cracker shell, and
using guard dogs (Smith et al. 2000b; Shivik 2006; Hawley et al. 2009). Tests in
captivity have taught individual carnivores to avoid eating carcasses but success at

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

Mitigation methods for carnivore depredation on livestock | 321



stopping them from killing has been minimal. Furthermore, no field trials have
been successful (Land et al. 1998; Smith et al. 2000b; Shivik et al. 2003; Cowan
et al. 2005; Shivik 2006). To work, aversive condition needs to be applied
continually to every individual carnivore of each species that depredates livestock.
The hope that an individual might teach other members of its social group to avoid
livestock has no support.

A common approach to resolving depredation problems has been to selectively
remove those individual carnivores that prey on livestock, the so called “problem
individuals” (Linnell et al. 1999; Treves 2009). Although this idea is appealing,
such individuals often do not exist (Odden et al. 2002; Herfindal et al. 2005), and
the logistical problems associated with targeting them for removal are myriad. Only
when the individual is observed making a kill and is removed immediately, where it
can be tracked from the kill and killed, or when toxic collars (Livestock Protection
Collars, Connolly 1993) poison the attacker directly, can the right individual be
removed for certain. Often, the animals most commonly responsible for depreda-
tion are the hardest to target (Sacks et al. 1999). Even where individuals can be
removed selectively, their territories will usually be filled rapidly, potentially by
more than one animal, which can lead to even more conflicts (e.g. Robinson et al.
2008). The effectiveness of selective removal varies widely among situations,
implying the need to test the underlying assumptions before building a response
strategy on this principle. The benefits of selective removal are probably mainly
social, in that livestock producers may feel appeased or empowered if they are
allowed to kill the occasional, presumed, problem individual. Even this benefit is
limited to particular segments of society, as other social groups find even this killing
of carnivores controversial (Treves and Naughton-Treves 2005). In response to the
public dislike for lethal control, selected individuals have been removed and
translocated, a supposedly non-lethal alternative. Despite its widespread use and
popularity, translocation is largely unsuccessful as a routine conflict-management
tool (Linnell et al. 1997; Bradley et al. 2005). Translocated animals often die, roam
over large areas, return to the site of capture, or depredate livestock at the release
site. In specific cases, translocation may cause conflicts to escalate (Athreya et al.
2010).

The main mitigation strategy that does cause predators not to consider livestock
as prey is choosing large livestock species or breeds (Rook et al. 2004). Using water
buffalo or cattle instead of sheep or goats effectively excludes depredation by small
carnivores (Table 14.2). Significant benefits also come from switching to breeds or
selectively breeding individuals that exhibit strong antipredator behavior, that are
amenable to herding, or that are amendable to other mitigation measures (May
et al. 2008a). Much more research is needed with this strategy, and the strategy
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Table 14.2 The behavioral steps in a predation sequence with the associated mitigation

measures that can interrupt the escalation of attack.

Behavior Mitigation measure Mechanism (theory/assumption)

Search Eradication of
carnivores

If all carnivores are removed there will be no
encounters—historically the measure of choice, but
obviously not suitable within a conservation context.

â Zoning On a coarse scale (measured in 1000s of km2) it is
possible to reduce depredation by avoiding livestock
production in regions with highest density carnivore
populations. This can be based on natural patterns of
carnivore distribution or on the active regulation of their
distribution and density, e.g. through hunting.

â Placement of livestock
in the landscape

On a finer scale it is possible to take advantage of
carnivore patterns of habitat selection to place flocks in
parts of the landscape that carnivores use less, or to
invest more heavily in mitigation measures in high risk
areas.

â
Identify Aversive conditioning The principle is to provide negative experiences

associated with livestock that should lead the carnivore
to avoid regarding the livestock as suitable prey.

â Selective removal If depredation is due to a few specific problem
individuals, their selective removal should in theory
reduce depredation.

â Different livestock
species

Moving from small stock (sheep and goats) to large stock
(cattle, water buffalo) production will prevent
depredation by many smaller carnivores.

â Promote wild prey The existence of wild alternative prey is a prerequisite for
effective depredation mitigation. The greater the
availability of wild prey, the less likely it is that carnivores
will depend on livestock.

â
Approach Avoid certain habitats Keeping livestock in open habitats as opposed to closed

habitats and away from stalking cover may discourage
many species in their final approach.

â Carnivore-proof
fencing

The use of carnivore-proof enclosures (e.g. electric
fences) around whole pastures or for night-time
enclosures (e.g. bomas), by definition effectively stops
depredation.

â Lights, sirens The principle is that these devices will scare carnivores
away as they make their final approach.

(continued)
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should be compatible with agricultural conservation initiatives that focus on
conserving traditional and rare breeds (Hall and Bradley 1995). Increasing protec-
tion for vulnerable juveniles of all livestock species by confining them to sheds or
areas close to human habitation during and after birth provides further benefits.

14.3.3 Preventing access to livestock by carnivores

Most successful mitigation measures operate at this stage of the predation process.
Devices (often high tech) that produce loud sounds and lights to scare carnivores,
and flag-lines (“fladry”) for wolves, deter predators from entering pastures in the
short term (Musiani et al. 2003). Nonetheless, no real evidence supports more than
a temporary respite from depredation because carnivores become habituated
(Shivik et al. 2003; Bangs et al. 2005; Shivik 2006). These devices may be useful
for rapid deployment in crisis situations to buy time to introduce more effective
measures.

Two approaches have produced effective results: modern electric fencing and
traditional shepherding systems. In many situations in Europe and North America,

Table 14.2 Continued

Behavior Mitigation measure Mechanism (theory/assumption)

â Livestock-guarding
dogs

These dogs will remain with the flock and either will drive
the carnivores away or interfere enough with their attack
sequence so that shepherds can arrive.

â Shepherds Most carnivores will be deterred from their attack by the
arrival of multiple human shepherds.

â
Attack Livestock-guarding

dogs
Dogs will interfere with the carnivore’s attack, preventing
it from completing the kill.

â Shepherds Shepherds will interfere with the carnivore’s attack,
preventing it from completing the kill.

â
Kill Protective collars In principle these collars will form a physical barrier to the

carnivore’s bite.

â
Consume Livestock-guarding

dogs
Dogs will prevent the carnivore from being able to
consume its kill by driving it away.

Shepherds Shepherds will prevent the carnivore from being able to
consume its kill by driving it away.
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livestock are grazed on permanent pastures that are fields or open forests. Normally
livestock are constrained by simple wire-netting fences or lightweight electric
fences that hinder movement by livestock but are permeable to carnivores. While
containing livestock in this way prevents a great deal of depredation by reducing
chance encounters (Swenson and Andrén 2005), it is relatively simple to upgrade
the fencing to carnivore-proof electric fencing. Upgrading requires 5–7 strands of
high-tensile wire and high voltage (Box 14.1) and is effective for many species of
carnivore (e.g., coyotes, wolves, bears); electric fences may be less effective at
stopping large felids that jump. Even though some carnivores still enter these
enclosures, losses are greatly reduced. In Norway, large (up to 20 km2) areas of
forest pasture have been enclosed. This approach has the large problems of
constructing and maintaining very long fences and has side-effects on the move-
ments of other wildlife. Initial investment costs are high but maintenance costs are

Box 14.1 Electric fencing

Many different electric fences have been tested. The most thoroughly tested is the
type most commonly used in Europe and North America to prevent depredation by
wolves, coyotes, Eurasian lynxes, and brown bears. The basic design has 5–6 parallel
strands of high-tensile wire (1.4 to 2.5 mm diameter) mounted on solid poles
reaching to a height of 1.1 to 1.6 m. The lowest wires should be less than 20 cm
above the ground. Voltage in the fence should be 4000 to 7000 V. Grounding is
crucial, and requires at least three 1-m long grounding rods. In areas where the
ground is a poor conductor (snow covered or very dry), disconnecting some of the
fence wires may be necessary to use them as grounding wires. Take care with
streams, ditches, or other places where carnivores can crawl under. Details of
designs have been provided by Angst (2002), Levin (2002), and the Wildlife
Damage Centre (2003). Power can be drawn from power mains, generators,
batteries, or solar panels. Although these fences have been designed to use solid
poles and to be fixed, a lightweight version can also be used to form a small night-
time enclosure (Mertens et al. 2002).

These fences are highly effective at discouraging large carnivores from entering
fields and even from entering large fenced areas of forest pasture where sheep graze
24 hours a day without supervision. Such a fenced pasture system can be combined
with free-ranging, livestock-guarding dogs, or used to gather sheep into a more solid
night-time enclosure. Further testing of fence designs is needed for the very large
felids.
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relatively low. In countries with high labor costs, carnivore-proof electric fencing
around permanent pastures will probably be one of the best solutions to
depredation.

Traditional shepherding systems in Europe, Asia, and Africa (Box 14.2) have
shepherds, often accompanied by dogs, who guard livestock while they graze
during daytime, and enclose the livestock into corrals or sheds at night. Protection
is provided by the presence of the shepherd and the dogs during day, and by the
physical structure of the night-time enclosure and the proximity of the shepherd
and dogs at night (Mertens et al. 2001; Ogada et al. 2003; Wambuguh 2007;
Woodroffe et al. 2007). Some extensive systems, especially those associated with
nomadic pastoralists, have no night-time enclosures. Instead livestock bed close to
a campsite and are guarded by shepherds and dogs at night. These traditional
systems have permitted livestock production on landscapes with high densities of
large carnivores for millennia. Many studies have demonstrated their success
(Kruuk 1980; Smith et al. 2000a; Ogada et al. 2003; Espuno et al. 2004; Bauer
and de Iongh 2005; Woodroffe et al. 2007; Gusset et al. 2009) and the negative

Box 14.2 Shepherding

The most important prerequisite for shepherding is that a flock must be under
control, which is impossible in extensive systems. The following shepherding
methods represent an increasing intensity of protection in response to increasing
threats of depredation.

1. Synchronize reproduction and ensure that birthing occurs under close supervi-
sion, either indoors or in well-protected pastures. Neonates should reach a
critical size before being released onto pasture.

2. Avoid grazing livestock (especially when juveniles are present) in high-risk
pastures, associated with stalking cover. Graze livestock in clumped patterns.

3. Gather livestock into carnivore-proof night-time enclosures (electric fences, high
wire fences, barns).

4. Have shepherds accompany herds constantly during day time.
5. Have livestock-guarding dogs remain with the herds by day and night. Shep-

herds should sleep nearby to react to signs of an attack during the night.

Refs: Linnell et al. 1996; Smith et al. 2000a; Rigg 2001; Ogada et al. 2003;
Woodroffe et al. 2007.
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consequences of lax husbandry (e.g. Linnell and Br�seth 2003; Wang and Mac-
donald 2006).

The traditional systems are just as applicable today as in the past, with minimal
changes. One potential change is in the availability of specialized livestock-guard-
ing dogs beyond their areas of origin. The many breeds, which were developed in
Europe and the Middle East (Coppinger and Schneider 1995; Rigg 2001), are
currently being spread around the world (Marker et al. 2005a). Furthermore, far
better knowledge is available now about the best techniques of bonding, integrat-
ing dogs into flocks, and correcting inappropriate behavior. Second, new alter-
natives exist for constructing night-time enclosures, including chain-link and
electric fences. New materials exist to construct mobile lightweight electric fences
suitable for nomadic systems (Mertens et al. 2002), as well as very solid permanent
structures. Many large carnivores, especially large felids (lions; leopards, Panthera
pardus; snow leopards, Uncia uncia) and spotted hyenas (Crocuta crocuta), can be
extremely aggressive and persistent when entering night-time enclosures, either by
jumping fences, squeezing through small openings, or using brute force (often
aided by panicking the livestock that break down the enclosure wall from the
inside). In addition, these carnivores may not be deterred by the presence of
humans and may be dangerous. For these species, enclosures must be constructed
from very solid materials, often with a roof. Clearly, more work is needed to
identify practical, functional materials for structures, appropriate for different
landscapes and socioeconomic consequences, and that will deter the different
predator species (e.g. Ogada et al. 2003; Kolowski and Holekamp 2006; Woo-
droffe et al. 2007). Predation on guarding dogs by predators, such as leopards
(Wambuguh 2007; Dar et al. 2009), may be decreased by integrating specialist and
large Eurasian dog breeds into other husbandry systems (Marker et al. 2005b).

The main problem with traditional herding systems is that they are labor
intensive. In systems where livestock are milked, the addition of guarding measures
comes at relatively low extra costs because the livestock need to be herded for twice
daily processing. In systems where meat is the main product, guarding has a high
cost because production can, in theory, exist without shepherds, if carnivores are
absent. Development of very solid night enclosures will eliminate the need for
herders to be awake all night. The socioeconomic status of the country will
determine the relative costs of labor intensive vs. technical solutions. The benefits
of having large vs. small herds appear mixed (e.g. Schiess-Meier et al. 2007; Van
Bommel et al. 2007; Hemson et al. 2009), making the impact of adopting
economies of scale unclear. Because depredation can have seasonal patterns (e.g.
Rasmussen 1999; Pattersonl et al. 2004; Kolowski and Holekamp 2006; Sangay
and Vernes 2008; Dar et al. 2009) or be confined to certain age classes of livestock
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(Table 14.2), use of mitigation measures can be limited to seasonal needs, thereby
providing potential savings. A careful spatial analysis of conflict risk should help
target the appropriate mitigation measures into the correct areas (e.g. Treves et al.
2004; Kolowski and Holekamp 2006; Inskip and Zimmermann 2009; Kissling
et al. 2009).

Secondary impacts of changes in livestock husbandry to livestock growth and
health, and the impacts of livestock on vegetation, also are important. Livestock
allowed to graze freely, and those that are shepherded and confined at night, have
different activity patterns and different access to forage. Livestock with access to
abundant forage during the day may be able to compensate for night-time
confinement (e.g. Iason et al. 1999), but confinement and herding will probably
reduce growth rates in other circumstances. Changing the breed of livestock to one
that has behavioral adaptations that are more compatible with the husbandry
system (e.g. flocking behavior) might be necessary. Furthermore, changes in
grazing pressure caused by fencing or herding will probably increase grazing
pressure in some areas and decrease pressure in others. The resultant impacts on
vegetation biomass and biodiversity may be complicated and hard to predict
(Austrheim et al. 1999).

14.4 Compensation

The payment of compensation for livestock losses due to depredation is a wide-
spread, but far from universal, method used to protect livestock producers from
economic losses and to try to increase public acceptance of conflicts (Fourli 1999;
Nyhus et al. 2005; Box 14.3). Where compensation is paid, it is funded by the
state, by non-government organizations, or by agricultural insurance schemes.
Compensation is usually paid only for depredation by carnivores of specific species,
requiring identification of the responsible species. In addition, conditions may be
attached to the payments, such as minimum husbandry requirements. The
assumption is that receiving an economic compensation increases tolerance of
carnivore depredation. This assumption is not always valid (Naughton-Treves
et al. 2003; Gusset et al. 2009; Boitani et al. 2010) and its validity varies with
the socioeconomic and cultural contexts (Maclennan et al. 2009). Furthermore,
throughout most of the developed (and much of the developing) world, agriculture
is heavily subsidized to achieve a range of strategic, social, and cultural goals beyond
food production. Often, societal interests promote protecting livestock producers
from economic loss.

Compensation schemes can be very expensive (transaction costs and amounts
paid) and controversial (where depredation must be documented), which makes
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them unsustainable (Nemtzov 2003) and out of reach for many developing
countries. Many compensation systems are also so poorly administrated that
many people do not bother to use them (Madhusudan 2003). In many cases,
finding all carnivore-killed livestock, or having them inspected rapidly to verify
cause of death, is impossible (Linnell and Br�seth 2003). Furthermore, many
people feel that compensation schemes reward passivity and do not motivate
producers to adopt effective mitigation strategies (Nyhus et al. 2005; Bulte and
Rondeau 2006; Boitani et al. 2010). Insurance programs appear to work in some

Box 14.3 Economic instruments

A fundamental premise is that the presence of large carnivores and the associated
risk of depredation is natural (e.g. in the same was as weather) and, therefore,
livestock producers must accept that they have a responsibility to protect their
flocks. Society, however, often has a range of motives for encouraging livestock
production that goes beyond the simple economics of meat, milk, or wool produc-
tion. Therefore, some economic assistance to producers will be desired to insulate
them from the economic costs associated with depredation or depredation avoid-
ance. Such assistance should be provided with the following priorities:

1. Assistance (incentives) to adopt carnivore-compatible husbandry. This could
take the form of providing materials (e.g. electric fences, livestock-guarding
dogs, building materials for night-time enclosures and shepherds cabins),
labor, advice, or guidance. This assistance is most effective if the producers are
also required to co-fund purchases. Follow-up by qualified technical staff is
required.

2. Cash incentives, including the payment for the presence of carnivores.
3. An insurance scheme where producers pay premiums, or parts of premiums, to

insure their livestock against predation.
4. Ex post facto payments for losses.

For the latter two systems, the following aspects are highly desirable.

- Some minimum requirements for husbandry systems.
- Depredation cases verified by trained inspectors.
- A deductible, so that a producer carries a portion of the cost.

Refs: Naughton-Treves et al. 2003; Nyhus et al. 2005; Bulte and Rondeau 2006;
Schwedtner and Gruberb 2007; Zabel and Holm-Müller 2008; Maclennan et al.
2009.
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countries, where producers pay premiums to insure their stock against losses. Even
when the system is subsidized, it induces a sense of responsibility into the system.
Nonetheless, theory and experience suggest that financial mechanisms that pay
incentives for carnivore presence (paying for risk), rather than paying ex post facto
for damage, should work better (Ferraro and Kiss 2002; Schwerdtner and Gruberb
2007; Zabel and Holm-Müller 2008). Such incentive systems encourage depreda-
tion prevention, rather than documentation, and have significantly lower transac-
tion costs than compensation and insurance systems. The major cost for incentive
systems is the need to map carnivore distributions accurately and to agree on a rate
of payment that is fair. In addition, spending money to monitor carnivores, rather
than to document cause of death among livestock, is a far better investment from a
conservation perspective.

The classical ex post facto system may still have a role within an incentive system.
Payments may be needed when depredation occurs outside the known range of
certain carnivore species, where livestock producers would expect to need mitiga-
tion measures. Payment might also be needed for extreme depredation despite the
use of effective measures (Box 14.3).

14.5 Integrating mitigation into agricultural policy

Any successful mitigation system will probably adopt part of each of the three
components of an integrated approach (Balme et al. 2009). The first component
consists of economic instruments used to protect livestock producers from extreme
economic loss caused by depredation or used to reduce depredation (Box 14.3).
The second component consists of actions directed at the carnivores; most often
this is lethal control. The third component consists of actions aimed at livestock
husbandry to reduce the abilities of carnivores to attack and kill livestock (Boxes
14.1 and 14.2). Based on our experience and our review of the literature, we
strongly recommend that most emphasis be placed on the third component.
Emphasizing the third component focuses on the most effective mitigation strat-
egy, encourages carnivore conservation, addresses serious animal welfare issues that
are associated with allowing livestock to be exposed to depredation, and allows
meat production with the associated job satisfaction for livestock producers.

Some need for carnivore removal, most often through lethal control, will
undoubtedly be needed (Linnell et al. 1997). Although lethal control may well
be controversial with the urban public (Treves and Naughton-Treves 2005;
Bruskotter et al. 2009; Treves 2009), rural communities and livestock producers
support immediate retaliatory action for livestock depredation (Woodroffe and
Frank 2005; Kissisi 2008; Balme et al. 2009; Hemson et al. 2009). In some cases,
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retaliatory action removes genuine problem individuals. In other cases, it simply
reduces social conflicts through the empowerment of producers (Bjerke et al.
2000). As human–wildlife conflicts have both material and social components
(Dickman 2010), both real effects and perceived effects of actions must be
considered, which requires a solid understanding of both the social (Lindsey
et al. 2005; Marker et al. 2005b; Bagchi and Mishra 2006; Wambuguh 2007;
Lagendijk and Gusset 2008; Dar et al. 2009; Hemson et al. 2009) and biological
aspects of depredation conflicts. No matter what the situation, lethal control must
occur within a regulated context that does not have unintended negative impacts
on carnivore populations (Woodroffe and Frank 2005). Furthermore, the appro-
priateness of lethal control depends on the conservation status of the species in
question.

Many of the effective mitigation measures involving husbandry are extremely
labor-intensive and costly. In areas with recovering populations of large carnivores,
the return to effective husbandry practices will require dramatic increases in costs.
In areas where carnivores have been present continuously and effective, traditional
husbandry practices exist, these practices must be maintained. Maintaining these
practices means that producers face significant opportunity costs, because the
carnivores will prevent changes to more cost-effective, extensive forms of livestock
production that are usable in carnivore-free areas. In addition, adopting carnivore
mitigation measures may result in reduced weight gain and increased parasite
burdens caused by changes in pasture use and reduced grazing times. Extensive
planning will be needed regarding how to fund the adoption and maintenance of
the required husbandry practices. A central issue is how to redistribute the costs
and the benefits of conservation, such that not all costs fall on a few people.
Finding mechanisms for this redistribution is a central challenge within the present
discourse on ecosystem services (Naidoo and Ricketts 2006; Jack et al. 2008;
Linnell et al. 2010). In the modern, competitive, globalized economy, subsidizing
agriculture is controversial; depredation mitigation, however, should fit within the
framework of the “green” subsidies that are permitted.

Simply giving producers money or instructions is not enough. Long-term
outreach systems are needed to motivate the introduction of, and to follows-up,
the long-term use of effective mitigation measures. If such a system is to be
up-scaled from a few case studies (e.g. Jackson andWangchuk 2004) to widespread
implementation, it must be institutionalized within existing agricultural structures
and must not be left to conservation organizations. Changes of this magnitude
require the adoption of an holistic view of the entire livestock production system, a
view that simultaneously considers traditions, habitat (forage), disease, depreda-
tion, economics, markets, and labor at both local and global scales, and that varies
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with context (Mishra et al. 2003; Robinson and Milner-Gulland 2003; Nyariki
et al. 2009). The actual objectives of livestock production need to be clarified. In
different areas of the world, these objectives will vary from subsistence food
production, to commercially viable meat, milk, and wool production, to mainte-
nance of traditional practices, to landscape conservation (i.e. conserving modified
landscapes for biodiversity or aesthetic reasons). Such an holistic view requires a
close coordination between agricultural and environmental policies (Henle et al.
2008).

Finally, people must recognize that some systems of livestock production are so
extensive (e.g. Sami semi-domestic reindeer herding in Fennoscandia, Australian
and Argentine sheep ranching) that making effective changes to their form of
husbandry is almost impossible. In such cases, the only adequate responses may
well lie with widespread lethal control or with some form of economic compensa-
tion for losses. The former option raises the question of whether viable carnivore
populations should be conserved in these areas. The second option accepts that
depredation is inevitable and losses must simply be repaid. These systems, how-
ever, represent extreme cases. Everywhere else, systems of livestock production can
adapt to the presence of large carnivores to the extent that livestock depredation is
kept to levels that are acceptable to the range of economic, ecological, social and
ethical interests that exist.
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15
Carnivore restoration

Michael K. Stoskopf

The success of a species’ restoration requires that, at a minimum, the problems that
led to the need for the restoration have been corrected. Restoration requires finding
and integrating solutions to complex challenges in human, environmental, and
animal dimensions that are unique to each restoration challenge. Excellent pro-
scriptions for successful restorations have been available for over two decades
(Kleiman 1989) and guidelines for species restoration, including reintroduction,
translocation, reinforcement, and conservation introduction for over a decade
(IUCN 1998). Unfortunately, restorations have failed as result of ignoring this
literature more than from other causes (Macdonald 2009). Whether existing
guidelines are a complete map to success is less the issue than the reality that
restoration projects focus, all too often, only on subsets of the challenges that must
be addressed.

In this chapter, we will address briefly the factors in the human dimension,
including cultural, political, jurisdictional, and economic issues that affect a
carnivore restoration. We will then examine important factors in the environmen-
tal dimension, in particular, climate, topography and risk of infectious disease.
Finally, we move to the most comfortable realm for restoration biologists, the
factors in the animal dimension of restoration, including inter- and intraspecies’
interactions, selection of founder animals, control of genetic introgression, and
management of population health.

Can carnivore restorations succeed? Synthetic reviews published through the
early 1990s concluded that reintroductions of carnivores, and particularly mega-
carnivores (those carnivores perceived as capable of predating on humans), were
not viable (Wemmer and Sunquist 1988; Mills 1991), despite the successes
achieved in the 1960s and 1970s. Though many carnivore biologists consider
carnivore restoration feasible, even if challenging (Hayward et al. 2007a, 2007b;
Powell et al. in press), estimates of success rates range from 11 to 53% (Jule et al.
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2008), the wide range depending, in part, on variable, arbitrary definitions of
success.

15.1 Human dimension

“The biology is easy. The human issues are hard.” Biologists working on carnivore
restorations inevitably express some version of this statement. Many biologists lack
education and experience with how to deal with people, and dealing with people is
hard work. Biologists need greater knowledge and better tools for affecting human
attitudes toward change and, in particular, carnivore restorations. The literature on
humans and carnivores lacks prescriptive methods for affecting human attitudes
toward restorations.

Human attitudes are informed by cultural, political, educational, and economic
factors that shape personal experience. Planning a carnivore restoration is compli-
cated further because human attitudes evolve (Schwartz et al. 2003). Fortunately,
this evolution provides hope that individual and social thinking can be modified.

15.1.1 Cultural issues

To affect public opinion, restoration biologists must understand that differences in
attitude are informed more by knowledge, both cultural and educational, than by a
fear of the unknown. The public views mega-carnivores differently from small
carnivores, and different cultures have different attitudes toward different assem-
blages of carnivores. Europeans have a longer history than North Americans of
persecuting large carnivores and then restoring carnivore populations (Schwartz
et al. 2003). The shift in human attitudes in Europe parallels the decline in
utilitarian approaches to wildlife and the recognition of intrinsic values of all
species. Nonetheless, the shift in attitude occurs at different rates in different
regions. The assumption that resistance to carnivore restoration is simply lack of
knowledge (Morzillo et al. 2007a, 2007b; Rice et al. 2007) is a gross oversimplifi-
cation. Compelling data and attitudinal theory predict that people with strongly
held opinions become more extreme in their opinions after receiving more infor-
mation (Meadow et al. 2005). That prediction is consistent with attitudes of
ranchers in Montana, USA, toward the reintroduction of black-footed ferrets
(Mustela nigripes) and of people in Sweden (Ericsson and Heberleiln 2003) toward
reestablishing wolves.

Cultural change in attitudes toward predators appears to be very slow (Chavez
et al.2005). Rural residents tend to harbor more negative attitudes toward mega-
carnivores than urbanites, and these attitudes seem not to be based on recent
experience. Attitude may be based on accounts of experiences across many
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generations. Despite strong efforts, education regarding the status of carnivore
populations and the obstacles to recovery of carnivores are unsuccessful, even in
relatively urbanized and economically advantaged areas. For a restoration biologist,
the take-home message might be that the time frame for change in cultural
attitudes is too long to be realized practically in most restoration projects. Never-
theless, biologists must recognize the cultural foundations for public attitudes and
understand the basis for resistance to efforts to modify public opinions.

15.1.2 Political and jurisdictional issues

Political and legal treatments of carnivores need to provide a balance between
obligations to reestablish a species and the rights of those who may suffer losses as a
result of restoration (Chapter 14; Rees 2001). How different countries, and even
political regions within a country, address that balance varies tremendously and is
affected by political systems (Williams et al. 2002a).

In democratic nations, policy and law makers weigh perceived risk by members
of the public much more heavily than they weigh technical assessments made by
experts (Slovic, 1987). Decision-making and the interactions of participants in
stakeholders are influenced strongly by social factors, such as leadership, commu-
nication, teamwork, the presence or absence of evaluation, organizational culture,
and the ideologies of participants (Wallace 2003). These political and public
behaviors affect attitudes and actions regarding restoration of carnivore popula-
tions. Even favorable responses from public consultation exercises will not guaran-
tee success of a species’ reintroduction program, primarily because a few active
opponents can exert a disproportionate impact on public acceptance (Rees 2001).
Here the lesson for restoration biologists is clear. Though by principle, the majority
may rule in democratic societies, political success depends more on the correct
identification and successful cooption of key active opponents, than on the
ability to persuade large numbers of citizens who lack the tools to influence
decision-making at political levels.

15.1.3 Economics

An argument frequently used to support carnivore-restoration programs is that
communities and nations will benefit economically through non-consumptive
ecotourism and, sometimes, hunting tourism. In Africa, economic returns from
ecotourism and non-consumptive, photo-safaris may exceed 10% on investment
(Cotterill 1997), and the annual return on the $160,000 annual investment in
lions in Kenya’s Pilanesburg area is reported to be $4,160,000 (Stuart-Hill and
Grossman 1993), though this may be overoptimistic. Nonetheless, the value of
ecotourism is being associated with carnivore reintroduction schemes in Africa to
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justify relocation costs. Elsewhere, where government-led programs rather than
private carnivore-restoration programs are more common, this is not the case and
carnivore reintroductions involve substantial capital outlay with little opportunity
of direct capital return (Hayward et al. 2007b). Unfortunately, indirect returns are
infrequently assessed. Where data are available, evidence suggests that reintrodu-
cing large predators is financially beneficial when both direct and indirect returns
are considered. One African study looking at lion reintroduction into a managed
park, attributed a 31% increase in tourist occupancy and a 71% increase in revenue
following predator reintroduction. (Hayward et al. 2007b).

In contrast to non-consumptive ecotourism, hunting-based tourism receives a
quieter nod within carnivore-restoration circles as an economic engine. Both the
impact of carnivores on prey species and the economics of hunting carnivores
themselves are important. Carnivore reintroduction or recovery generates an
interestingly divided response among hunters. In the United States for example,
deer hunters opposed to reintroductions of wolves perceive a threat to deer
populations. This view is most pronounced where deer-hunting seasons have
been closed because of low deer numbers (Lohr et al.1996). The negative economic
impact of increased predator populations on popular sport-hunting species is
poorly documented in the literature and better assessment is needed on the impact
of the prey base on sustainability of prey species (Garrott et all 2005). Similarly,
few examples exist of the potentially positive financial returns from the hunting of
carnivores, especially mega-carnivores. One example is, that, although polar bear
hides acquired on subsistence hunts in the Canadian arctic have commercial value,
revenues from nonresident trophy hunting provide a much greater economic
return to Inuit communities (Freeman and Wenzel 2006).

On the cost side of economic calculations, carnivore predation on livestock
receives the most attention but the great diversity of situations (type of livestock,
environmental context, husbandry methods, acceptance of carnivores, etc.) makes
generalization impossible (Chapter 14; Breitenmoser 1998; Fritts et al. 2003;
Oakleaf et al. 2003; Azevedo and Murray 2007). In many situations, carnivore-
restoration programs require significant changes in livestock-management practices
to minimize depredation. Predation management requires a partnership among
producers and wildlife managers to tailor programs to specific damage situations so
that the most appropriate techniques can be selected (Chapter 14; Knowlton et al.
1999).

Successful carnivore-restoration programs assess broadly the economic drivers
that relate to the target species. They identify the key potential factors on both the
negative and positive sides of the economic equations and focus resources on
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mitigating losses in politically and culturally acceptable ways, while optimizing
gains from the most beneficial contributors to the local economy.

15.2 Environmental and habitat dimension

Selection of recovery and release sites is critical for successful reintroductions and
restorations (IUCN 1998). Topography, climate, anthropogenic features, habitat,
and prey base must meet the requirements of target carnivores. Other factors in the
environmental dimension, such as habitat health-risk assessment, are included in
restoration planning infrequently, unfortunately. In practice, until our understand-
ing of carnivore biology and our technical abilities to gather and to interpret large
amounts of time-sensitive data greatly improve, no recovery site will be completely
characterized before restoration efforts begin. In addition, the environmental and
habitat dimension is always changing, driven by complex natural and anthropo-
genic forces, and unlikely to persist unchanged over the long timescales envisioned
for restoration success. Ongoing adaptive evaluation and management of factors
within the environmental and habitat dimension is essential throughout a species’
restoration effort, and even after success is declared.

15.2.1 Topography

Topography affects access to resources for both large and small carnivores. Home
ranges of black bears (Ursus americanus) are oriented on major topographic
features, such as watersheds and ridges, and access to resources is affected by
topography (Powell and Mitchell 1998). Pine marten (Martes martes) home-ranges
include more wood and scrub vegetation, and less arable land, than found on the
entire landscape, and favor watercourses with continuous vegetation (Rondinini
and Boitani 2002). Similarly, travel routes by wolves clearly favor corridors for easy
travel, including roads affecting resource selection by wolves (Ciucci et al. 2003).
Snow leopards (Uncia uncia) have a strong affinity for steep and rugged terrain and
habitat edges (McCarthy et al. 2005). Finally, topologic features may not affect a
population uniformly. Home ranges of female polecats (Mustela putorius) contain
more farms and ponds than do those of adult males in the breeding season
(Rondinini et al. 2006a).

Identifying the key topographical features that affect home range and habitat use
by members of a species is critical to selecting restoration sites capable of support-
ing the intended population (Chapters 9 and 10). When key topographic require-
ments are known for a species, they need to be quantified to develop population
projections for a restoration site. The more common challenge is a paucity of
detailed understanding of the impact of topography on the target carnivores. Broad
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variations in topography across a species’ historical ranges can lull restoration
biologists into assuming that their species has no specific topographical require-
ments. The vegetation associated with a particular topography differs in different
places, causing topography not to be a good predictor of habitat. This disconnect
can cause biologists to select as recovery or release sites places that cannot sustain
the target population.

15.2.2 Climate

Both long-term climatic conditions and the probability of short-term catastrophic
weather influence recovery site selection and carnivore restoration in other ways as
well. The historic range of a species includes climatic extremes that were compati-
ble with survival in the context of past conditions. Climate variations across the
historic range may not all be acceptable today. Examine climate carefully at both
mesoclimate and microclimate scales to identify recovery sites most likely to
succeed. Identify recovery areas that avoid historic climate extremes.

One might hypothesize that a restoration area with relatively homogeneous
weather would be best and would reduce the need to vary for management efforts
across the recovery area over time. When the climate requirements of a species are
not well known, however, selecting a recovery area that incorporates some climatic
variation across both time and space has merit.

The timing of management efforts in relation to climate and weather can affect
restoration success. Release timing should always consider weather. Optimization
of the timing of release or other management activities may not always be intuitive,
nor necessarily correspond with the most comfortable weather conditions for
biologists. For example, in a recovery area of moderate temperate conditions,
winter weather conditions appear to maximize survival and reduce post-release
movements of black bears (Clark et al. 2002). Releasing fishers (Martes pennant) in
autumn and early winter ensures that females have time to establish home ranges
before the blastocysts they carry implant, improving reproductive success (Powell,
unpublished data).

Consider the probability of catastrophic weather (e.g. tornado, hurricane) at a
restoration site. Restoration efforts need well-considered and updated plans for
project management both pre- and post catastrophic weather. Response plans
should identify animals most likely to be affected and should include a plan for
post-event impact assessment that can be adapted readily to fit the actual event.
Droughts can play havoc with restoration programs. Have pre-established plans for
drought interventions that include criteria that trigger implementation, pre-estab-
lished water sources, and transport and deployment options. Drought plans need
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to consider the potential impacts of congregation at scarce water sources including
disease transmission.

15.2.3 Anthropogenic features

Wild carnivores tend to avoid humans (but not always), even very large carnivores.
Kodiak bears (Ursus arctos) in Katmai National Park, Alaska, alter their temporal
and spatial use of rivers to avoid humans. Coyotes (Canis latrans) and bobcats
(Lynx rufus) are more nocturnal than otherwise where human activity is high
(Kitchen et al. 2000).

Roads affect survival of many carnivores (e.g. Kramer-Schadt et al. 2004;
Reynolds-Hogland and Mitchell 2007a). Backwoods roads provide access to
hunters, increasing hunting and poaching mortality of carnivores. Wide, multi-
lane, high-speed highways present formidable barriers to dispersal (e.g. Riley et al.
2003). Even with as much as 30% of populations crossing the highway barrier,
populations on either side can become genetically differentiated at a level consis-
tent with a much lower migration fraction. To avoid restricted gene flow, even for
wide-ranging species, more wildlife under- and over-passes may be needed than
predicted on the basis of migration.

15.2.4 Prey base

A diverse, abundant, and stable prey base is essential to successful restoration
(Fernandez et al. 2003). For some small- to medium-sized carnivores, such as
stone martens (Martes foina) and badgers (Meles meles), food availability can be
more important than any other resource. Within certain limits, suitability of small
or relatively isolated food patches can be improved by modifying the relative
amounts of prey and their distribution within patches (Mortelliti and Boitani
2008).

Other factors may supersede prey availability in determining successful restora-
tion. Population monitoring post-release must be able to distinguish if either (or
both) reproduction or survival limits population growth of the target population.
For either, factors other than prey availability may be limiting, such as disease,
limited den sites, or stress from human disturbance. Differentiate prey base from
other potentially limiting factors and assess prey base throughout a carnivore
restoration effort.

15.2.5 Health-risk assessment

Health-risk assessments are generally descriptive. Mathematical approaches remain
weakly explored and models generally fail to be predictive, in large part due to lack
of data as the basis of quantitative work. In addition, health-risk assessment is
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usually unbudgeted prior to the eruption of a catastrophic problem and is routinely
given the lowest priority in setting restoration management goals. This is unfortu-
nate because systematic pathological assessment of carnivores resident at a restora-
tion site, and assessment of non-infectious mortality such as road-kill and hunting,
provide insight into the future mortality risk of released target animals (Chapter
13). Surveys of domestic animal health should be conducted for all restoration sites
(Chapter 13). Health risk is dynamic. Emerging health-risks, including newly
evolving infectious diseases, have caused catastrophic failures for some high-profile
restoration efforts, including black-footed ferrets and African hunting dogs (Lycaon
pictus) (Williams et al. 1988; Fitzjohn et al. 2002).

A useful program for health-risk assessment for a carnivore restoration has two
parts: evaluating health of animals to be released and evaluating the health risks at
the release site. Animals to be released should be screened for general health and
disease exposure. Chapter 13 provides details.

Evaluation of health risks of candidate sites should start before restoration and
continue throughout the restoration effort. Evaluate the epidemiology of diseases
established in sympatric carnivores, prey species, and domestic animals in the
restoration area, and the potential for emerging diseases. The absence of an
infectious disease may signal a need to be particularly vigilant to avoid introduction
of that disease and to have monitoring in place for early detection. Look not only at
definitive hosts for parasites and diseases, but also known and suspected vectors
and reservoirs. Base assessments on real data collected in the restoration areas,
evaluated using a combination of pathological, serologic, and molecular diagnostic
approaches (Chapters 12 and 13). For a health-risk assessment to be of much use, it
must be quantitative and integrate the quantitative behavior and natural history of
the species being assessed with epidemiologic data (Chapter 13; Wobeser 1994).

15.3 Animal dimension

15.3.1 Carnivore–carnivore interactions

Restoration areas will inevitably have resident carnivores of species other than the
target species, presenting the potential for competition with, predation on, or being
prey for, the target carnivores. Niche differentiation among carnivores is usually
clear (reviewed by Macdonald and Norris 2001). Competition for food is strongest
among carnivores of roughly similar size and build, though these species tend to
forage in different habitats or have different foraging behaviors. Evaluate not just
the prey base, but also the expected impact of resident carnivores on the prey base
of the restored carnivore. This requires knowledge of the dynamics of both the
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local prey populations and of the resident carnivore populations. The same applies
to other resources. Assessing the availability of resting and denning sites, water, and
the connectivity and patch sizes of critical habitats, requires a solid understanding
of the biology of the resident carnivores.

Intraguild predation has the potential to thwart a restoration program. Predation
by coyotes can be a major source of mortality for swift foxes (Vulpes velox, Kitchen
et al. 2006a) and both coyotes and bobcats prey on gray foxes (Urocyon cinereoar-
genteus) (Farias et al. 2005). Intraguild predation threatened the success of all
reintroductions of black-footed ferrets (Biggins et al. in press a; Poessel et al. 2011),
necessitating experimental releases of sterile, non-endangered Siberian polecats
(Mustela eversmanii, an ecological surrogate) to test restoration strategies (Biggings
et al. in press b). Resident predators were removed before any black-footed ferrets
were reintroduced. Experience of the target carnivores with other carnivores,
especially of the resident species, improves restoration success (Miller et al.
1990b). Mortality rates are higher when lion-naive cheetahs (Acinonyx jubatus)
are reintroduced compared to cheetahs from areas with resident (Hayward et al.
2007a, 2007b).

Intraguild predation is not limited to mammals. Recovery of a subspecies of the
island fox (Urocyon littoralis) on the northern Channel Islands of California, USA,
required the reduction of the golden eagle (Aquila chrysaetos) population (Roemer
and Donlan 2005). Evaluation of a potential restoration area requires knowledge of
raptors, crocodilians, venomous snakes, and other potential, non-mammalian
predators.

Knowing the seasonal population and predation dynamics of expected predators
of the restoration species should inform release timing, location, and methods.
Selecting carnivores for release based on experience with predators, and providing
that experience, if possible, can improve chances of restoration success (Miller et al.
1990a).

Intraguild predation becomes complex when multiple predators are restored in
an area. Release competitively subordinate or vulnerable carnivores prior to domi-
nant species to allow the more sensitive species the opportunity to locate refugia
and to build up populations able to sustain some level of predation before the
arrival of potential competitors and predators (Durant 1998; Hayward et al.
2007b).

Invasive carnivores constitute a special concern because target carnivores are
evolutionarily naive about these carnivores. On the other hand, large-scale restora-
tion of native carnivores can sometimes displace or reduce populations of invasive
carnivores. The recovery of Eurasian otters (Lutra lutra) in Great Britain, displa-
cing invasive American minks (Neovison vison) in the late 1990s and early 2000s, is
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an example. Successful control of invasive carnivores through restoration of native
carnivores requires studies of both species to inform management decisions.

15.3.2 Carnivore-prey interactions

An unanticipated drop in prey abundance can thwart restoration success. The
management of key prey species to optimize prey availability for restored carnivores
is a powerful tool to sustain restoration efforts during natural low prey numbers.
Targeted delivery of dead prey as supplemental food or strategic released of live
prey, particularly during prolonged soft release, has been used more often than
efforts to manage prey populations in situ.

15.3.3 Selecting founder populations

In the past, source populations for reintroductions were chosen mostly on avail-
ability. In the United States, personnel in wildlife agencies in different states traded
animals to release (you give me species x and I’ll give you species y), often with
surprising success (Bolen and Robinson 2003). Nonetheless, genetic assessments of
source populations can be important, especially to avoid accidental selection of
hidden linked lethal or fitness-compromising traits. As assessment of functional
genomics becomes more feasible, the challenge will be to construct genetic criteria
for founder populations that will increase restoration success. Despite the conser-
vation genetics concern for matching the genetics of founder animals to the
genetics of the original population, there is evidence from real reintroductions
suggesting that the greater the genetic diversity of the founder population, irre-
spective of the genetics of the original population, the better the chances of a
successful reintroduction (Powell et al. in press).

15.3.4 Use of captive animals for restoration

Captive animals often lack social and behavioral skills important for survival in the
wild and wild carnivores do appear to have somewhat higher survival rates than
captive animals in restoration programs (Jule et al. 2008). Nonetheless, restoration
efforts using captive animals have succeeded. Sometimes, captive animals are the
only option. The entire successful, reintroduction program for black-footed ferrets
has been based on captive animals (Miller et al. 1996; Wisely et al. 2008).

Issues of concern about captive animals have included lacking learned skills,
such as hunting and predator avoidance, being conditioned to human presence,
and lacking appropriate social behaviors related to mating and dominance (Snyder
et al. 1996; Soorae and Price 1997; Wallace 2000; Rabin 2003; Vickery and
Mason 2003). The reintroduction of captive-bred, African wild dogs (Lycaon
pictus) in Etosha in the 1990s appears to have failed primarily because the released
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animals could not hunt successfully (Scheepers and Venzke 1995; Hayward et al.
2007b). Failure to prepare captive animals for survival may cause restoration failure
as much as the innate impact of captivity (Hayward et al. 2007b). To prepare
captive black-footed ferrets for release in the wild, biologists experimented with
ways to teach ferrets to forage and to avoid predation (Miller et al. 1990a, 1990b;
Biggins et al. in press a, b; Poessel et al. 2011). In some situations captive animals
can be prepared for release situations that might be difficult to manage with wild
carnivores. Large, social predators can sometimes be bonded into social groups
with unrelated individuals (Graf et al. 2006; Gusset et al. 2006), sometimes with
the judicious use of sedatives during the initial phase of introductions in captivity
(Hayward et al. 2007b).

Impacts of captivity also include the actual expression of genes key to basic
physiology. Adult, captive red wolves (Canis rufus) exhibit an over-activation of
pro-inflammatory and stress responses (Kennerly et al. 2008).

The sophistication of captive breeding programs has increased dramatically over
the past two decades. Captive breeding yields research opportunities into the
physiology, disease susceptibility and prevention, genetics, and behavior. Well-
managed breeding efforts can largely eliminate concerns of wildlife restoration
specialists regarding uncertain genetic lineage. The challenge now is for field
biologists and conservationists to find innovative, effective ways to use captive
animals for reintroductions and augmentations.

Capital investments in caging, labor, and food are significant. Animals slated for
possible release often require complex caging to provide stimuli for proper devel-
opment of young animals and to isolate animals from humans. The argument that
the resources spent on captive management would be better spent on field opera-
tions is largely specious. In reality, resources available for captive breeding are
largely not transferable.

Including captive bred animals in restorations has a profound positive impact on
resource availability by energizing private fund-raising efforts and increasing public
awareness. Because they are charismatic, carnivores benefit particularly from
educational efforts and fund raising. Developing large consortia for captive breed-
ing and management provide economy of scale and addresses the old adage of not
holding all of one’s eggs in one basket. Nonetheless, sophisticated and effective
management is needed to maintain quality control and protocol compliance.
Captive management institutions must also be proactive with educational efforts
to reduce public concerns about the losses of captive reared animals in restoration
efforts.
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15.3.5 Genetic management

Restoration decisions are often affected by efforts to maintain genetic diversity,
particularly when the founder population is small. Although the classic definition
of genetic diversity “the average level of heterozygosity within a population,”
conservation geneticists often substitute the number of alleles per locus examined,
or the percentage of polymorphic alleles in a set of alleles examined. Genetic
information can contribute to restorations but have limitations and peculiarities.

Mitochondrial DNA (mtDNA) has a strict matrilineal inheritance, meaning
that restriction of female gene-flow in a population can affect estimates of genetic
variability and calculations of viable population sizes. For wolverines (Gulo gulo),
significant matrilineal structuring and restricted female gene-flow suggests that
dispersal of female wolverines will be critical for maintaining genetic variability in a
wolverine population (Cegelski et al. 2006).

Nuclear DNA (nDNA), via microsatellites or simple sequence repeats (SSR), are
widely used to infer levels of genetic diversity in populations. The typical practice
of selecting only highly polymorphic markers, unfortunately, can lead to ascertain-
ment bias that reduces sensitivity for judging overall genetic diversity within a
population (Vali et al. 2008). Point estimates of nucleotide diversity can vary by an
order of magnitude or more, despite very similar levels of microsatellite marker
heterozygosity (Vali et al. 2008). Carnivore restoration scientists, therefore, need to
consider other approaches to assess genetic diversity for small founder populations.

Microsatellite loci, developed for use with well-characterized species, can be
extremely useful. Microsatellite loci developed for domestic cats (Felis catus) can be
used to identify individuals of other felid species (Waits et al. 2007). Cross-species’
divergence, however, can lead to heterozygotes being misidentified as homozy-
gotes, leading to the false interpretation that a population is in more severe genetic
straits than it actually is. Microsatellite analysis can also be used to identify extra
pair mating and mate switching (Kitchen et al. 2006b).

Minisatellites are used to study DNA turnover and are the basis of the technique
called “DNA fingerprinting,” used to identify individuals. The technique estimates
the probability of finding identical genotypes in a population, generally assuming
random associations between alleles within and among loci. These assumptions are
violated for species with complex population substructure, making interpretations
inaccurate. This problem has been examined for endangered populations of
wolves, brown bears, and northern hairy-nosed wombats (Lasiorinyus krefftii).
The theoretical estimates of the probability of identifying identical genotypes
(P(ID)) for these species were consistently lower than the observed probabilities,
by as much as three orders of magnitude (Waits et al. 2001).
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Sampling for any of these analyses can be labor intensive and expensive.
Although blood or skin biopsies, classically used for genetic assessments, necessitate
capture and handling of the animals, using hair follicles from hair traps, and feces,
has revolutionized genetic assessment of wild carnivores (Chapter 4; red wolf,
Adams et al. 2003, 2007; Iberian lynx, Fernandez et al. 2006; Adams and Waits
2007).

Assessing functional genomics of restoration species has lagged behind efforts to
assess diversity or lineage. Careful assessment of health and mortality records of
captive populations can identify heritable diseases that could affect restoration
success (Acton et al. 2000, 2006), and this information should be incorporated
into health-screening strategies. The development of gene chip technology allows
the rapid assessment of thousands of functional genes simultaneously from a single
sample. Efforts to adapt these tools to fitness assessment of carnivores in restoration
efforts, offers promise. The conservative nature of many key functional genes
allows useful data to be obtained from a portion of genes on chips developed to
assess of human health. Rapid advances in whole-genome projects provide the
potential to develop similar tools for individual carnivore species, though econom-
ics will probably dictate that tools be developed first with dog, cat, and ferret
(Mustela furo) genomes. Because habitat and diet appear to affect functional gene
expression (Kennerly et al. 2008), advances in this area must be cautious.

As a final caution, some small, isolated, carnivore populations carry unique
alleles identified using either mtDNA or nDNA. Without knowing whether these
alleles are adaptive, their existence should not be used to prevent augmentation of
the population, if other analyses suggest the need.

15.3.6 Hybridization and introgression management

Hybridization and genetic introgression occur when target carnivores interbreed
with members of other species. The classic tool for management of introgression
on a restoration site has been to remove or exclude the other species, but this
approach is labor intensive and, potentially, an unending effort, as the undesired
carnivores disperse to fill empty space rapidly (Palmer et al. 2005). Establishing
sterile barriers to reduce introgression by sterilizing undesired carnivores (via
vasectomy and tubal ligation to maintain territorial behavior) may be modestly
less labor-intensive with longer term stability (Beck 2006; Roth et al. 2008). The
advantages of having sterile animals hold territories, excluding fertile animals from
restoration areas, include the reduction of trap and removal effort, and the
opportunity to have expendable place holders that can be removed when the target
population expands, either via reproduction or augmentation. A sterile barrier of
coyotes has aided the restoration of red wolves in the United States. Intensive
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monitoring and genetic testing to reduce coyote introgression are needed to
maintain the barrier (Beck 2006). Surgically sterilized coyotes maintain pair
bonds, territory fidelity, and may even have a higher survival rate than reproductive
animals (Bromley and Gese 2001).

15.3.7 Health management and biosecurity

Infectious diseases have dealt serious, if not program-ending, blows to carnivore
restoration efforts (Chapter 13; MoehrenschlagerScheepers and Venzke 1995;
Moehrenschlager and Somers 2004; Hayward et al. 2007b). In the late 1980s,
fewer than 24% of reintroduction programs included any form of health screening
(Griffith et al. 1989). Today, health management is a must for any well-designed
restoration effort. Disease management requires identifying the diseases of poten-
tial importance to carnivores and the ecological conditions associated with their
spread and severity (Murray et al. 1999).

Biosecurity is the prevention of disease transmission and the movement of
infectious disease agents. The most common biosecurity tool employed in restora-
tion work is prerelease screening of animals slated to be introduced (Chapter 13).
Early adoption of prerelease screening was partially driven by concerns that
captive-born animals might lack immunity to viruses and other infectious diseases
prevalent in their wild counterparts (Bush 1994; Woodford and Rossiter 1994;
Cunningham 1996). Although both wild and captive animals are now screened,
prerelease screening usually focuses on a relatively small suite of diseases known to
affect the target carnivores for which a validated, non-lethal test exists and, ideally,
preventive measures (e.g. effective and safe vaccine) are also available. Much of the
screening focuses on viral diseases, though the actual array of health risks from
infectious diseases is far broader. Carnivores slated for release should be screened
for key, non-viral, infectious agents and for zoonotic disease concerns including,
but not limited to, parasitic diseases such as Echinococcus and various tick-borne
agents (Nutter et al. 1998).

Diseases with the potential for acute impacts and rapid spread among popula-
tions through respiratory or gastrointestinal routes of infection receive more
attention. The literature near the turn of the century found 52 diseases reported,
44% of which were viral and 31% bacterial, for 34 large, terrestrial, carnivore
species (>20 kg; Murray et al. 1999). Many of those diseases were endemic in
carnivores and infected multiple taxa (Murray et al. 1999). The broad range of
diseases of carnivores emphasizes the importance of broad health screening beyond
the target species, to include sympatric carnivores and prey.

Most prerelease screening uses serological data (Chapter 13). Because serology
only provides information on exposure, demographics of the species being studied
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become very important to interpretation. Interpreting serologic data can be
counter-intuitive, in that seroconversion might be a positive trait for a restoration
animal destined to be inserted into a habitat where the disease is established. The
advantages for such an animal are obvious when looking at diseases that cause acute
mortality with high infectivity for naive individuals. On the other hand, if a disease
is not present in a restoration area, then even a small risk of introducing it through
accidental introduction of a carrier with a titer should be avoided. Without
knowing the status of the disease in the habitat, it is impossible to optimize this
important aspect of biosecurity.

The influence of habitat and associated prey assemblages on the prevalence of
diseases in carnivores is understudied. The threat of epizootics in carnivores may be
serious if potentially lethal infections are endemic in reservoir hosts and transmit-
ted horizontally between taxa, as occurs with rabies and canine distemper viruses
(Murray et al. 1999). Many factors affect disease transmission. A study of two
coyote populations, in different habitats with different prey, found no difference in
prevalence of canine parvovirus, canine distemper virus, canine adenovirus, or
tularemia exposure between the two populations (Arjo et al. 2003). In contrast, the
prevalence of exposure to plague (Yersinia pestis) differed between the populations,
probably due to differences in prey species available (Arjo et al. 2003).

Health screening routinely looks only at diseases known to exist. Our knowledge
of infectious diseases of carnivores is certainly incomplete. New molecular
approaches promote the discovery of cryptic pathogens and emerging pathogens,
while broadening the known hosts for many known pathogens. A genetically
unique, small Babesia-like piroplasm, recently found in erythrocytes of apparently
healthy, wild caught, North American otters (Lontra canadensis) in North Carolina,
USA, has potential pathogenic implications for other species (Birkenheuer et al.
2007). The potential for an emerging disease to have a catastrophic impact on a
population makes it important to pay close attention to potential emerging diseases
in a restoration area, even if no morbidity or mortality has yet been demonstrated.

15.3.8 Health interventions

Health interventions are diagnostic or therapeutic efforts to gather information
about, or to mitigate, ongoing health problems. Restoration policies and rules
should anticipate the need for health interventions and provide useful guidance for
how intervention decisions will be made.

A frequently employed health intervention in a restoration is vaccination for
infectious diseases (Chapter 13). The practice is credited with securing or salvaging
several restorations, including averting the extinction of the Catalina Island fox
(Urocyon 1ittoralis catalinae) after an outbreak of canine distemper virus (Roemer
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and Donlan 2005). Canine distemper virus has a much broader host-range than its
name implies (Carpenter et al. 1998) and it has decimated several carnivore
restoration efforts, including some for black-footed ferrets (Williams et al. 1988)
and African wild dogs (Fitzjohn et al. 2002).

The decision of which diseases to vaccinate a restoration population against is
most frequently dictated by the availability of safe and effective vaccines. Unfortu-
nately, useful vaccines are not available for all diseases that can challenge a
restoration. Few vaccines are actually tested in non-domestic carnivores, and safety
and efficacy are generally extrapolated from information on domestic carnivores.
Experience with captive animals sometimes provides useful safety information, but
challenge studies, which would confirm efficacy, are rarely done. Traditional
vaccine types have a tradeoff between increased safety from using killed vaccines
and potentially improved efficacy with modified live vaccines. The risk of a vaccine
strain outbreak of a disease in the restoration population generally supports use of
killed vaccines, when available. The vast majority of vaccines must be delivered by
injection and relatively few vaccines are available for carnivores that can be
delivered by oral or inhalation routes. Therefore, vaccinations for most diseases
occur only when animals are handled (Chapter 13). Oral bait rabies vaccines are
available.

A key weakness of most health assessment is the inability to obtain timely
necropsy information for animals dying in the field (Chapter 13).

Assess the health of live animals whenever they are trapped and handled for
whatever reason. Veterinarians involved in restorations must remember, however,
that health assessment alone often cannot justify trapping and handling restoration
animals. Consider noninvasive approaches to health screening (Chapters 4, 12 and
13). Disease detection through scat analysis holds potential (Acton et al. 2006;
Whittier et al. 2010).

15.3.9 Adaptive management

Reintroductions have been compared to the process of biological invasions, which
have divided into either two or three distinct phases (Seddon 1999; Armstrong and
Seddon 2008). In the two-phase approach, establishment, when stochastic mortal-
ity and sex ratios can be most critical to success, is followed by spread, when factors
influencing birth rates assume greater importance (Bright and Smithson 2001). In
a three-phase approach, establishment, population growth, and population regula-
tion are distinguished (Sarrazin and Barbault 1996). The key point from a
management perspective, however, is that conditions change, and having a resto-
ration management system that can change with changing needs is important.
Evaluating outcomes can be misleading and often unhelpful in making practical
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recommendations to improve program function without the use of scientific
investigation. Program managers have a strong tendency to measure successes in
terms of outcome and problems in terms of process (Wallace 2003). This tendency
often leads to poor decision-making. Positive outcomes can be the result of
inefficient or even damaging processes (Wallace 2003).

Blending science into an adaptive management process offers significant advan-
tages to a restoration effort. One viable model establishes an independent team of
scientists charged with the scientific assessment of information gathered during
restoration management. This team then advises restoration managers, suggesting
approaches to optimize the scientific credibility of information being gathered
(Stoskopf et al. 2005). Advice may include small-scale “evaluative” efforts and data
assessment before reacting to perceived risks or opportunities. Scientific teams
work best if they meet face to face frequently enough to provide timely advice. The
scientific team must be large enough to accomplish the necessary tasks but small
enough to be effective at generating advice and analyses. Each member of the team
should have specific assignments for data analyses, and all advice provided to the
restoration biologists needs to be based on the principles of adaptive management
(Stoskopf et al. 2005). Each team member must be skilled and knowledgeable
about, but not necessarily experts with, the species being restored; they must be
able to identify dogma, which is often easier for outsiders (Chapter 17).

An insidious force countering the adaptive management approach for a restora-
tion is the reluctance to change procedures and methods that are perceived as
successful. This reluctance is particularly problematic for teams who have worked
successfully for many years. Concern is strong that change could lead to cata-
strophic failure. Specific procedures and techniques, particularly those used to
monitor a population, become artificially associated with the actual success of
the animals being restored. Management teams must re-examine their commit-
ment to adaptive management frequently throughout a restoration.

15.3.10 Release methods

“Soft” and “hard” releases have been debated for decades. In a soft release, animals
are maintained at their release site in pens or enclosures for days to months before
release, to allow them to habituate to the restoration area. Animals are released
simply by opening a door and giving them access to the world beyond; food is often
supplemented after release. In a classic hard release, restoration personnel release
animals from their traps or travel cages upon arrival at the release site, and they
receive no supplemental food. Obviously, a continuum extends from hard to soft.
Different release situations require different approaches.
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For soft releases, pens must restrain the new animals and protect them from
harassment by resident predators (Hayward et al. 2007b). Preventing carnivore
dependence on humans is important, as a way to prevent increased risk of released
animals attacking humans (Hayward et al. 2007b). In Africa, where only soft
release is used for carnivores, the construction details of containment pens are
crucial, ensuring that animals are exposed and habituated to management devices,
such as electric fencing and game-viewing vehicles (Linnell et al.1997). Pens can
even allow safe food supplementation (Hayward et al. 2007b). Bonding within
human-made social groups is not always successful and constructed prides or packs
may fragment despite long prerelease acclimation together (Killian and Bothma
2003). Before black-footed ferrets were reintroduced, restoration personnel tested
different designs for release pens and release protocol, using Siberian polecats as
surrogates (Biggins et al. in press a, b). Martens, fishers, and sables have been
reintroduced using the whole spectrum from classic hard to extremely soft without
noticeable difference in reintroduction success (Powell et al. in press).

Time releases to an appropriate season in the annual cycle of the target carni-
vores. Avoid seasons when females are pregnant or about to give birth. Releasing
mothers with their kits, especially with food supplements, may stimulate the
mothers to settle near their release sites (Hobson et al. 1989). Sometimes the
optimal season for release is a difficult time to obtain animals, forcing compromise.

15.3.11 Population augmentation

An augmentation is the adding of animals to an existing population, usually a small
population that has habitat that can support a larger population, but that is not
expanding apparently due to stochastic events or demographic limitations. Aug-
mentation most often entails translocating animals from a source population to the
restoration population. Different carnivore species respond differently to translo-
cation, requiring different translocation and release approaches. Leopards are
difficult to translocate successfully because they try to return to their original
locations (Hayward et al. 2007b). Black bear restoration success appears correlated
with translocation distance, and is greater when subadult animals are translocated,
as opposed to mature bears (Clark et al. 2002). Female black bears tend to stay put
better than translocated than males (Clark et al. 2002).

Litter augmentation is the placement of one or more cross-fosterlings with a dam
that is judged capable of rearing more young than she has in her current litter.
Complete litter replacements insert an entire litter with a dam that has lost her
litter. Cross-fostering captive born young to wild parents is an augmentation
technique that is frequently overlooked. When it is used, avoid high expectations
for success. Remember that young carnivore mortality is naturally high in stable
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and growing populations. A 30 to 35% yield to maturity from a complete litter
cross-fostering is an important, positive contribution to the population, consider-
ing that otherwise the mother would not have reared any progeny at all. Survival of
augmented infants must be evaluated in the context of any excess loss experienced
by the existing litter. Nonetheless, a 30 to 35% yield to maturity is a success for
most carnivores.

One challenge to this technique is identifying dens with litters suitable for
augmentation or litters whose complete litter can be detected. The matching
challenge is having appropriately aged youngsters available for insertion. For coyote
litters, where pups were augmented, pup survival was dependent on augmenting
when litters are <1-month-old (Kitchen and Knowlton 2006). Black bear mothers
readily accept augmented cubs if their noses are filled with Vick’s Vaporub or a
similar substance that allows a new cub or cubs to gain the litter’s odor before the
mother can smell again.

Concerns about den disturbance are often invoked against cross-fostering and
augmentation. Test the actual impact of den disturbance before abandoning the
techniques (Beck et al. 2009). Reasonable care to reduce scent transfer through the
use of gloves, minimization of on-site personnel, and timing insertions when adults
are not at the den, provide for considerable success.

15.4 Exit strategy

All restoration projects must assess their ultimate success or failure. Make this a
continuous process with end points established a priori, based on scientific data.
Rarely, however, is knowledge of a target species sufficient during project design to
establish hard, accurate, quantitative criteria for restoration end points. The trend
toward quantitative approaches in biology is good, but beware of pseudo-quantita-
tive criteria with no data serving as a basis for the hard numbers. Too often, criteria
for success are expressed as absolute numbers rather than by population perfor-
mance criteria (Jule et al. 2008). The adoption of numbers by restoration plans, as
opposed to performance criteria, is a recipe for failed decision-making.

Developing performance standards for a restoration can be challenging. For
example, even choosing a number of self-sustaining populations to represent
success is an arbitrary choice that balances hopeful optimism with political and
economic realities. Trends over time (increasing numbers of breeding pairs,
increasing numbers of young surviving to breeding age, decreasing mortality due
to specific causes over several years) can seemmore suitable than absolute numbers,
but generally these criteria must include thresholds to account for expected
stochastic fluctuations. They also need to be integrated into an assessment of the
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risk of extinction over a long time to allow population decreases to be detected with
minimal monitoring and intervention. Such a demographic modeling exercise
should be supplemented with success criteria that speak to identifying habitat,
health, and environmental threats to the population being restored.

Ultimately, every restoration project will end. Choosing criteria to mark that
end will allow you to exit, successful or not, satisfied that now is the right time.

OUP CORRECTED PROOF – FINAL, 6/12/2011, SPi

352 | Carnivore Ecology and Conservation



16
Designing a monitoring plan

Eric M. Gese, Hilary S. Cooley, and Frederick F. Knowlton

Monitoring is the collection and analysis of repeated observations or measurements
to determine whether a management action is having the desired effect of meeting
management objectives and demonstrating success or failure of a management
strategy (Elzinga et al. 2001). Monitoring is composed of a series of surveys (sensu
Chapter 2) framed in a design aimed at answering specific management questions.
There are many reasons to establish monitoring plans, such as when a carnivore
species is of a high social or economic value, is rare and decreasing in numbers, is in
eminent danger of extinction, or is part of a legally mandated planning process.
Monitoring is commonly conducted in combination with a formal research
program with ecological objectives to provide managers and policy makers with
information for making informed decisions and formulating conservation plans
with some level of certainty or success (Nichols and Williams 2006; Sauer and
Knutson 2008; McComb et al. 2010). Monitoring can also be useful for adaptive
management strategies by treating management as a hypothesis and incorporating
learning into the process with the data collected providing feedback about the
effectiveness of alternative actions (McComb et al. 2010).

Designing a monitoring plan involves identifying the goals of the associated
management plan, developing key questions, and designing a rigorous sampling
scheme. Analyses must be pertinent to management objectives and capable of
assigning probabilities to observed trends. Finalizing a monitoring design is a
precursor to initiating data collection. Some monitoring programs fail to provide
the information needed due to unclear or unspecific objectives, flawed or poor
study design, low statistical precision or power to detect change, inconsistent
commitment to implement or adjust the monitoring plan, or failing to communi-
cate results to stakeholders (Elzinga et al. 2001).

This chapter provides the conceptual framework for designing a monitoring
program with special emphasis on carnivores, but details on surveys that are
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part of monitoring programs are covered in Chapter 2. Elzinga et al. (2001) and
McComb et al. (2010) describe the design and implementation of monitoring
programs in more detail. Details of field techniques are covered in Chapters 4, 5, 6,
7, 12, and 13.

16.1 Identifying questions and monitoring designs

To design a monitoring program, one must understand the biological system to be
monitored and know the gaps in knowledge. Background knowledge is needed to
articulate questions clearly; questions that ensure the data collected will be ade-
quate to address the questions, fill knowledge gaps, test assumptions, and able to
identify thresholds for altering management actions. Detail and focus are impor-
tant at this stage. Use of vague or unclear terms, overly broad or ambiguous
questions, and ill-defined spatial and temporal scales increase the risk data collected
will not adequately address the key questions at scales that are meaningful. Ques-
tions that guide a monitoring program must be anchored to the objectives of the
associated management plan. The questions must address the gaps in information
about the target population that prevent managers from understanding how the
target population is responding to management actions, or predicting how the
target population will respond to proposed future management actions. Many
monitoring programs are set within a research program, allowing the key questions
to be stated as hypotheses or as a number of alternative hypotheses. If the
management plan dictates that managers need to know if the target population is
increasing, then this need becomes a question for the monitoring program.

The four basic monitoring designs (McComb et al. 2010) address monitoring
questions of different complexity.

1. Incidental observations are opportunistic observations of animals or sign.
These are usually of little use within a monitoring framework except,
perhaps, to provide preliminary information to a more structured plan.

2. Inventory designs document the presence or absence of the target species in an
area (often referred to as a survey, sensu Chapter 2). The rarity of the species
and the level of confidence in determining presence/absence are critical.

3. Status and trend monitoring (aka surveillance) designs establish trends over
time by monitoring populations over long time-spans. The design of a
monitoring plan should consider the scope of inference. Monitoring may
be needed only for a local population, or may cover a large portion of the
target species’ geographic range and require participation by multiple agen-
cies. For monitoring trends, sampling intensity must be designed to detect
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change, or lack of change, over time on the appropriate spatial scale. Chapter
2 provides background on sampling design.

4. Cause and effect monitoring designs allow evaluation of short- or long-term
effects of a management action on a population and include such approaches
as retrospective comparative mensurative designs or Before–After Control–
Impact (BACI) designs (Stewart-Oaten et al. 1986; Gotelli and Ellison
2004).

16.2 Developing a monitoring program

Chapters 2, 4, and 8 outline the critical aspects of setting boundaries, selecting
indicators to measure, developing sampling design, choosing sampling units and
sites, calculating effect size, and choosing statistical analyses. In addition, develop-
ing a useful monitoring plan usually requires the simultaneous consideration of
several major issues, each with embedded components. The monitoring plan must
include techniques that are biologically appropriate and feasible, legally and socially
acceptable, and must provide useful results with the resources available. Many
potential problems can be avoided by careful thought during the design phase and
asking advice from research and managerial personnel working in similar environ-
ments. Issues intuitive to experienced biologists may not be to a naive biologist.

Monitoring programs must stay within their budgets. If the optimal sampling
design and sampling methods preclude meeting budget constraints, the monitor-
ing questions, and perhaps the objectives of the management plan, need to be re-
evaluated. Developing a management program that cannot be carried out is a waste
of time and money.

Gaining the necessary permits from governments and agencies involved in the
area is an important hurdle to resolve early in the planning process. Often, such
entities need to be consulted and even involved in the study design. Terms and
methodologies should be clearly defined in research protocols and proposals to
avoid confusion. If samples are to cross international boundaries, special permits
may be required for export. Depending upon the capture methodologies involved,
knowledge of, and permission to, handle non-target species must also be obtained.
Procedures for handling target and any non-target species should be outlined.
Completion of an approved handling and immobilization course from a qualified
veterinarian should be considered. Some countries or agencies require a veterinar-
ian be present when animals are captured, immobilized, and handled.

The ability to conduct a monitoring program could be curtailed if the social,
political, or cultural values prohibit either the presence of you or your equipment.
Cultural and social sensitivities related to the animals should be respected,
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particularly where the local populace retains religious or cultural ties to the
carnivore involved.

The manner in which individuals of a species distribute themselves across
a landscape in both time and space is an important issue. When designing a
monitoring plan, several issues should be considered: (1) Whether the animal is
solitary or gregarious; for example, packs of animals are more readily sighted than
solitary individuals thus influencing the probability of detection. (2) Does recog-
nition of one individual influence recognition of others? Often for social canids,
finding sign of one individual indicates the presence of others in the vicinity. (3) Is
the interest focused toward assessing individuals or groups (e.g. packs or clans)? For
some estimates, knowing a pack or social group is present may be sufficient for
monitoring; while pack size may be necessary in other situations. (4) Whether
seasonal movements, such as migrations or movements among different habitats,
are apt to be involved and do they apply equally to all sex and age classes? (5)
Whether the species is territorial, which may result in them being distributed in
some regular fashion, and if territorial, how large are the territories and how does
this relate to the size of area for which the assessment is being attempted?

Equally important in designing a program are attributes of the study area. The
physical attributes, including size, topography, and nature of the environment play
a role in determining what sort of activities are feasible and practical. This starts
with a clear designation of the area or areas for monitoring with clearly defined
boundaries. This is essential if complete enumeration is feasible or whether con-
straints on time or resources dictate some type of sampling. Size of area would be
an important aspect but topographic and vegetative features would also be
involved. Ultimately, the demarcation of the boundary of the population area to
be assessed would be critical if an estimate of species’ density is needed. Some
carnivores occupy rough terrains, dense habitats, extreme habitats, roadless areas,
or high elevations. The terrain can be used to an advantage. Placing remote cameras
in situations where animals funnel down trails into a valley or through a mountain
pass allows concentrating sampling efforts and increasing success of “capture.”
Stratifying track sampling along trails commonly traveled by the species may
increase probability of detection. Prominent landscape features used by carnivores
for scrapes or scent-marking can be also useful for sign surveys. Techniques that
increase detection, however, may introduce bias for many sampling designs
(Chapters 2, 4, and 8).

Identifying when to collect data will determine not only the merits of the
information obtained, but also the inferences made from the data. Several issues
dealing with the timing of sampling should be considered: (1) Seasonal changes in
the activity or visibility of the animals. (2) Whether a seasonal pattern of
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population phenology is involved, when might sampling be best accomplished,
and how does that relate to the question? (3) Among species with seasonal breeding
patterns, characterizing the breeding population may be more important than
making assessments at times that will include young of the year. (4) Among
many species, dispersal patterns must be considered as they relate to naive animals
moving across unfamiliar landscapes with consequent changes in population
structure. In instances where some measure of reproductive performance is desired,
conducting the assessments at the proper time of year may be required (if young
animals can be discriminated from adults). The activity periods of many species are
influenced by the prevailing weather or even lunar patterns.

Whenever possible, use typical behaviors or products of behaviors, to detect
animals or assess species’ abundance rather than elicited responses. Elicited re-
sponses may be influenced by social status or environmental conditions. For some
species, especially when documenting “presence” is the primary objective, sam-
pling can take advantage of stereotypic activities. Many felids, for example, have an
affinity for traveling within narrow canyons or along specific ridge-tops. Similarly,
since the distribution of black-footed ferrets (Mustela nigripes) appears limited
primarily to prairie dog (Cynomys spp.) towns, it is reasonable to limit assessments
to such areas. During development of inventory procedures for coyotes (Canis
latrans), the use of elicited vocalizations to assess abundance was considered
(Okoniewski and Chambers 1984). Early trials determined that a four-fold differ-
ence in response rates resulted from three different types of sirens used to elicit the
vocalizations, and coyotes were likely to respond at times they were active but
unlikely to respond when they were inactive. Wolfe (1974) reported that while
dominant (alpha) individuals were most likely to respond, transient individuals
were appreciably less likely to respond. While taking advantage of such behaviors
can increase sampling efficiency, researchers need to accommodate for potential
biases that unequally represent specific sex, age, and social classes.

Many carnivore species have an innate curiosity to novel situations in their
environment. As the objects become familiar through repeated exposures, they
elicit less interest. Sometimes simply moving the stimulus a small distance will
revive interest; however, new or rearranged objects can induce neophobic re-
sponses. Sensitivity to such situations varies widely among species. While coyotes
react strongly, and warily (neophobia), to novel stimuli (Windberg and Knowlton
1988; Windberg 1996; Harris and Knowlton 2001), bobcats (Lynx rufus) are
much less reactive to novel situations and can be repeatedly trapped, even in the
same locations with the same attractants. Knowledge of the repertoires of species
can be important for selecting sampling methods.
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Statistical hypotheses are widely used because they provide objective, standar-
dized criteria for decision-making. However, this has received much criticism over
the last decade (Johnson 1999, 2002; Anderson et al. 2000; Burnham and
Anderson 2002; Ellison 2004; Guthery 2008). Null hypothesis testing is uninfor-
mative in some cases (Johnson 1999), and often results in conclusions that lack
meaningful insights for conservation, planning, management, or further research
(Guthery 2008). Additionally, the significance level (Æ) used in a test is often based
on convention (i.e. Æ = 0.1, 0.05), classifying results into biologically meaningless
categories (significant and non-significant) (Anderson et al. 2000). There may be
times when a biologist, faced with a test statistic with a p-value of>0.05 but <0.10,
may decide that a result is biologically meaningful or suggestive of a relationship.
Bayesian and information-theoretic approaches are often more applicable for
analyses in monitoring programs than traditional parametric, or even non-
parametric statistical techniques. Learn the analytical techniques most appropriate
for the monitoring program.

16.3 Evaluating the monitoring plan

After data has been collected and analyzed, biologists and managers must decide:
given the information, what should we do? Several alternatives can be considered:
(1) continue to monitor,(2) use the information to make changes in the manage-
ment programs, as well as the monitoring plan, (3) evaluate the risk of changing
versus continuing with the status quo, and (4) determine if integrating the data
with data from other programs will produce a broader picture of the species or
system (McComb et al. 2010).

16.3.1 Thresholds and trigger points

Within any monitoring program there are a multitude of issues to be addressed by
managers and stakeholders before making any changes in the plan. One suggested
approach is to agree with the stakeholders at the outset that if a particular threshold
or trigger point is reached, alternative management actions need to be implemen-
ted (McComb et al. 2010). Trigger points might be considered points initiating a
change to a management program, whereas thresholds indicate success in a
management action (Block et al. 2001). Preferably, stakeholders have agreed
beforehand to a series of steps to be taken, if a trigger point is reached. A potential
problem with thresholds is they may result from social negotiation among stake-
holders, and define a socially and mutually acceptable level of progress that may not
be biologically dependable (McComb et al. 2010).
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16.3.2 Forecasting trends

With several years of data, trends may emerge providing information to guide
management actions. However, one must remember that the degree of precision
decreases, the further that forecasts are predicted into the future, so forecasting
trends beyond the dataset should be viewed cautiously and serve as one tool in
guiding management decisions. Variation associated with trends and trend ana-
lyses, especially for rare species, is often high and the power associated with
detecting a significant trend is often low.

Computer simulations have been used to model carnivore populations under
diverse conditions (e.g. Connolly 1978; Mowbray et al. 1979; Lindzey andMeslow
1980; Sterling et al. 1983; Pitt et al. 2003; Conner et al. 2008). These models can
be used to simulate population responses when one or more demographic variables
are manipulated. Trigger points can be established from the risk assessment,
prompting alternative management actions. Examining the sensitivity of the
model to changes in the initial conditions of the system, parameter values, and
structural features of the equations is useful for model assessment (Williams et al.
2002b). Population viability analysis (PVA) and population and habitat viability
assessment (PHVA) can be used to evaluate the outcomes of various management
actions, environmental perturbations, and stochastic events on the population
viability of a species over a predetermined period of time (Shaffer 1981; Boyce
1992; Reed et al. 1998). Biologists using such models should consider the “real-
ism” of the models and should ensure that the models are adaptive in response to
ecological, environmental, and management factors (Williams et al. 2002b). A
PVA or PHVA is only a model and is only as valid as the assumptions and
information upon which they are based. They may not reflect or predict popula-
tion persistence, and should not be the primary tool for developing conservation
plans. Macdonald et al. (1998) suggest that PVAs may be most useful to biologists
for developing and guiding management actions and identifying practical moni-
toring methods. Always evaluate the accuracy of the data incorporated and the
levels of uncertainty (Reed et al. 1998; Williams et al. 2002b). Some PVAs and
PHVAs may be used to raise questions and formulate hypotheses for future testing
(Macdonald et al. 1998; Reed et al. 1998; Williams et al. 2002b).

16.3.3 Predicting patterns over space and time

Biologists and managers like to know where on a landscape a species is likely to
occur, so management actions might increase or decrease populations, or might
have minimal effects on the target species (McComb et al. 2010). Monitoring the
presence of carnivores across a landscape provides information on the spatial
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distribution of individuals within populations, and provides a better understanding
of meta-population structure and connectivity among subpopulations. If demo-
graphic rates are known, the value of subpopulations as sources or sinks can be
examined (Chapter 10), as well as the probability of subpopulations becoming
locally extinct and subsequently recolonized.

16.3.4 Integrating monitoring data

Data from a monitoring plan can be integrated with other environmental data to
produce an integrated view of a landscape, thereby allowing managers to evaluate
individual parts, as well as the whole landscape (McComb et al. 2010). These
approaches use data to parameterize a spatial and temporal model to increase
understanding of possible future conditions on the landscape. This allows for
examination of various “what if” scenarios for comparing alternative actions. In
addition, the approach can identify key parameters to be monitored in the future to
help stakeholders understand whether the results of a management action are being
realized. The danger of using these models is that they may not have been tested
with independent data and, therefore, their accuracy is completely unknown. The
potential for wildly incorrect management actions is very real (Chapter 11).

16.3.5 Risk analysis

Risks from environmental stressors, disturbances, or human activities may be
important when evaluating a management plan. Monitoring data can be used in
risk analysis in a stepwise process to assess threats (e.g. Hull and Swanson 2006).
Risk assessment is a procedure to determine threats and understand uncertainty
providing an estimate of the likelihood and severity of species, population, or
habitat loss or gain, and an evaluation of the potential tradeoffs associated with
various management actions (McComb et al. 2010). Kerns and Ager (2007)
proposed a quantitative and probabilistic risk assessment to provide a bridge
between planning and policy.

16.4 Changing the monitoring plan

Extensive time and money are expended in executing a monitoring plan. Conse-
quently, the design of these programs must be scientifically and statistically
rigorous, and managers and stakeholders must understand exactly how the infor-
mation will be used to make decisions (McComb et al. 2010). Decisions should be
made using a sequence of steps: characterize the problem or question, identify the
full range of alternatives, determine a set of criteria for selecting one, collect
information about each option and evaluate it based on the criteria. Then make
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a decision. Data collected in an adaptive management framework should use the
information gained to refine the monitoring plan and improve the quality and
utility of the data (McComb et al. 2010).

Changing a plan has consequences that must be considered carefully. If the data
collected and analyzed suggest the goals and objectives are not being adequately
met, changes to the plan may be required. Adding or dropping variables to be
measured may be required as information reveals new patterns or processes, or
budget constraints necessitate reducing the number of variables that can be
measured. Changing the location or periodicity of sampling, or attempting to
increase precision in data collection, are changes that can be considered. Avoid
making changes that cause some or all of the data already collected to be incom-
patible with data collected after the change (McComb et al. 2010). Changing a
monitoring program should not be done lightly and necessitates as much prepara-
tion as establishing the initial plan. Gaining information and revising management
approaches based on that new information is the main objective of monitoring. If
changing conditions preclude managers following the sampling design and, there-
fore, the questions addressed by the monitoring program and the objects of the
management plan cannot be met, the management plan and its objectives need to
be reconsidered (Chapter 2).

Deciding when to terminate a monitoring program is equally difficult. Generally
the decision to terminate monitoring should be based upon whether the questions
associated with the objective of the management plan have been answered. The
decision of when to end the program should be outlined in the monitoring plan
itself (Chapter 15). If the data collected through the monitoring plan indicate a
carnivore population has been increasing over the last 4–5 years and may be
reaching carrying capacity, and this is the main objective of the program, then
terminating monitoring may be a logical step. If the data indicate a declining
population and the key questions have not been answered, the main objective of
the program has not been attained and continuation of data collection may be
necessary.
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17
Assessing conservation status and

units for conservation

Urs Breitenmoser, Christine Breitenmoser-Würsten, and Luigi Boitani

Two features make the assessment of carnivore populations and the definition of
units for their conservation particularly challenging: (1) the spatial scale of their
movements and (2) the conflicts they cause with human interests. Viable popula-
tions of (large) carnivores need living space that usually goes beyond the size of
protected areas (e.g. Woodroffe and Ginsberg 1998). Consequently, most self-
sustaining carnivore populations extend into cultivated and multiple-use land-
scapes, where they often come into conflict with human interests. Most carnivores
are resilient and can live in human-modified and human-dominated environments;
as a matter of fact, the carrying capacity of such landscapes is often high, especially
for large predators preying on wild and domestic ungulates. Indeed, the main
conflict with, and the intense persecution of, carnivores result from their ability to
live in human-altered environments. In multiple-use landscapes, carnivore popula-
tions are often kept below the ecological carrying capacity by illegal killings and
management interventions to reduce conflict. An extended carnivore population
may, hence, be a patchwork of diverse sites and situations, where the ecological
potential and the observed or tolerated population status do not always match. In
this chapter, we address three questions:

1. How do we assess the risk of extinction for carnivore populations?
2. How do we identify and delineate carnivore conservation units?
3. How do we assess, monitor, and manage carnivore conservation units?

The impressive diversity of terrestrial mammalian predators extends from least
weasels (Mustela nivalis, commonly <100 g) to polar bears (Ursus maritimus, up to
800 kg), with species adapted to all climatic zones and biomes across the world,
and diets ranging from strictly carnivorous (e.g. most felids) and omnivorous (e.g.
canids such as red foxes Vulpes vulpes) species, to monophagous vegetarians (giant
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pandas Ailuropoda melanoleuca). This tremendous diversity prohibits all but the
simplest generalities. Nonetheless, we focus mainly on a “typical” situation and use
it as the general framework for this chapter: carnivores that hunt wild or domestic
prey, so that they come into conflict with human interests, and that live in a
human-dominated and altered environment, with (meta-) populations spreading
over distinct management units and often across international borders. A classic
example for this situation is Europe, a densely settled, highly fragmented conti-
nent, where large carnivores, such as brown bears (Ursus arctos), wolves (Canis
lupus), and Eurasian lynx (Lynx lynx), are making remarkable comebacks, and
where generalist carnivores, such as red foxes and stone martens (Martes foina), are
common inhabitants of large cities (e.g. Gloor et al. 2001; Herr et al. 2009). Many
other examples exist around the world.

17.1 Assessing extinction risks for carnivore populations

Large carnivores had high extinction rates even before Homo sapiens played a role
(Steneck 2005). Although today, human interactions, such as direct persecution
and destruction of habitats and prey bases, are the main causes of population
decreases, extinction risk is still determined more by biology than human popula-
tion density (Cardillo et al. 2004). On a population level, extinction-prone species
are characterized by large body size, wide-ranging movements, low densities, low
recruitment rates, and limited dispersal opportunities (Woodroffe 2001). These
characteristics typify large carnivores, but also many small carnivores, when com-
pared with their main prey. In a tested six factors associated with vulnerability
(small geographic ranges, low densities, high trophic level, “slow” life histories,
large body size, tolerance to altered habitats) for Brazilian carnivores, large body
size carried the highest extinction risk because large species are most vulnerable to
human activities, such as killing, habitat destruction and fragmentation, and the
small sizes of protected areas (Forero-Medina et al. 2009). The typical candidate
for extinction is a large carnivore living at low density and eating a strictly
carnivorous diet (Purvis et al. 2004). Populations of large carnivores have more
trouble recovering from prey decreases than do populations of small ones (Carbone
et al. 2011), largely because total numbers of large predators are small. Carnivores
suffer from human-made fragmentation because isolated populations are small and
face high extinction risks through demographic stochasticity, hybridization (wild-
cat, Felis silvestris in Scotland, Macdonald et al. 2004b), diseases (Iberian lynx, Lynx
pardinus, López et al. 2009), and inbreeding and genetic drift (Allendorf and
Luikart 2007), often amplified by human-induced mortality, such as poaching
(Amur tiger, Panthera tigris altaica, Goodrich et al. 2008), retaliatory killings
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(lion, Panthera leo, in Kenya, Frank et al. 2006), and traffic losses (Eurasian lynx in
the Jura Mountains; Breitenmoser-Würsten et al. 2007a).

Population viability assessments (PVAs) estimate the minimum viable popula-
tion size (MVP) required for a population to survive over a long time period or
many generations with a specified probability (Schaffer 1981). PVAs identify and
quantify factors reducing the survival of a certain age or sex/social class of indivi-
duals, and assess the survival probability of a population under the given circum-
stances. Computations are usually done using computer programs, such as
VORTEX (Miller and Lacy 2005). Input values are empirical biological and
ecological values for life history and population parameters, but the software
packages also accept rough estimations, guesses, and assumptions, where genuine
data are incomplete or lacking. Deficient input values, sensitivity to parameter
estimates, the limited suitability of demographic and ecological values from the
literature, the significant differences between average population models and
individual-based models (White 2000), and the difficulty of validating outcomes,
sparked a debate over the practical value of MVP concepts (e.g. Akçakaya and
Syögren-Gulve 2000; Beissinger and McCullogh 2002; Reed et al. 2002).

Even though the absolute values of MVP estimations are often controversial, no
generally accepted alternatives exist (Reed et al. 2003), and defining conservation
goals or management interventions for carnivores without discussing population
numbers is almost impossible. PVAs do provide a transparent process with explicit
and potentially testable assumptions (Chapron and Arlettaz 2006). And their
importance lays not so much with their estimates of extinction probabilities and
minimum population sizes, but with their assessments of vulnerabilities to, and
relative importance of, various threats, impacts of human activities, ranking of
management options (Akçakaya and Syögren-Gulve 2000), and prioritizing of
research needs. The International Union for Conservation of Nature (IUCN)
recommends using quantitative analyses by means of PVAs for Red List (www.
iucnredlist.org) assessments wherever adequate data are available (Criterion E;
IUCN/SSC 2001), but specifies that “in presenting the results of quantitative
analyses, the assumptions (which must be appropriate and defensible), the data
used and the uncertainty in the data or quantitative model must be documented.”

Population viability depends on both demographic and genetic conditions
(Beissinger and McCullogh 2002). Franklin (1980) proposed for practical con-
servation the 50/500 rule-of-thumb: an effective population size (Ne) of 50
individuals to avoid an inbreeding depression in the short term, and 500 to ensure
long-term genetic variability. This rule-of-thumb has many problems (Allendorf
and Luikart 2007), most importantly that these effective population sizes are not
threshold values (though often treated as such), as the loss of genetic diversity is a
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continuous process. Despite the problems, the rule-of-thumb is a useful guide for
managing populations. The numbers, however, should not be taken as targets but
as warning lights (Allendorf and Luikart 2007).

In reality, demographic and genetic viability are interrelated. Reed et al. (2003)
used VORTEX 8.01 (Miller and Lacy 2005) to compute MVPs for 102 vertebrate
species (including 18 terrestrial carnivores) for a 99% probability of survival over
40 generations (MVPcorrected), including carrying capacities, demographic and
environmental stochasticities, catastrophes, reproductive rates, and inbreeding
depression. The mean MVPcorrected across all taxa was 7316 adult animals. MVP
decreased to 4700 for a survival probability of 90% and to 550 for 50%,
respectively.

These results illustrate one problem for using PVAs to define conservation goals:
What survival probability is appropriate? Related to that question, Reed et al.
(2003) showed that the duration of the studies used to parameterize the model
affects the simulation results. Parameters derived from long studies predict larger
MVPs, because long studies experience greater variation in ecological and physical
conditions. MVPs increased considerably (by a factor 4–9) when corrected for
study duration. Reed et al. (2003) concluded that PVAs based on short-term
studies result not only in less precise estimations, but that they lead to a systematic
underestimation of MVPs and, hence, of the extinction risk. Long-term studies or
studies from several populations under various ecological and physical conditions
are available for only a few carnivore species. In spite of all the problems with
PVAs, they indicate that the magnitude of viable carnivore populations is in the
range of many 100s to a few 1000s.

Few case studies of bottlenecks for carnivore population are sufficiently docu-
mented to allow retrospective assessments of the applicability of PVAs or the
importance of demographic and genetic threats. Some spectacular recoveries
from low population sizes have occurred; for example, the Scandinavian brown
bear population that increased from 130 individuals in 1930 to 3300 in 2008
(Swenson et al. 1995, 2010); tigers (Panthera tigris) in the Russian Far East that
increased from 20–30 individuals in the 1940s (Kaplanov 1948) to 428–502 in
2005 (Miquelle et al. 2007). Many recovering populations, although they seem to
function demographically, may face problems as a consequence of genetic impov-
erishment. The well known Isle Royal wolf population, founded by 3 individuals
in 1949 (with subsequent supplements), numbered 24 wolves (apparent carrying
capacity) in 2009, but more than half of the individuals examined exhibited
skeletal malformations as a consequence of inbreeding (Vucetich and Peterson
2008; Räikkönen et al. 2009). The wolf population in Sweden was founded by a
pair immigrating from the Fenno-Russian population in 1980 and supplemented
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by another immigrating male in 1991. The population increased to 272 wolves in
2010 but shows a heavy genetic load and signs of inbreeding depression (Wabak-
ken et al. 2001; Liberg et al. 2005; Sand et al. 2010). Populations of Eurasian lynx
reintroduced in the 1970s in Switzerland (Alps and Jura Mountains) and Slovenia
with very few (<10) founder individuals show severe genetic drift and high loss of
rare alleles (Breitenmoser-Würsten and Obexer-Ruff 2007c).

Noteworthy in this context, more than the size of MVPs, is the consistency of
MVPs across taxa and trophic levels (Reed et al. 2003 discussed this result).
Regarding MVPs, mammalian predators seem not to differ fundamentally from
other taxonomic groups, including their prey. Nonetheless, corresponding to the
low abundance of predators compared to their prey, the spatial requirements of
viable carnivore populations are huge. For some large carnivores, the estimated
global population is already smaller than 7000 mature individuals (www.iucnred-
list.org). Considering the high degree of fragmentation and the complete isolation
of many of the occupied habitat patches, even populations in large protected areas
bear a high probability of extinction.

A third concept of viability (after demographic and genetic) is the “ecological
viability,” referring to the interactions between species and with their environment.
Besides incorporating the conservation of existing patterns of biodiversity, this
concept incorporates the preservation of ecological and evolutionary processes. For
carnivores, this comprises not only all elements and resources a particular species
needs to survive, but also its ecological and selective role, hence its impact on prey
populations (Linnell et al. 2008). Ecological viability, or the functionality of
ecosystems and the conservation of processes, is difficult to assess quantitatively.
It entails much wider distribution ranges and larger numbers of individuals than
required for demographic or genetic viability alone, and it implies the maintenance
of given species in many different ecosystems (Allendorf and Luikart 2007). If
predation, as an important natural process shaping an ecosystem, becomes a
conservation goal in itself (Linnell et al. 2008), predators should be maintained
across all suitable habitats.

The definition of “suitable habitat” has an ecological and an anthropogenic
component. If the prey base is sufficient, and human-caused mortality sustainable,
carnivores can live in almost all altered and multiple-use habitats, but they may not
be tolerated there. Prey species are often very abundant on agricultural land, for
instance rodents, which are important food sources for foxes, mustelids, and small
cats. Though small carnivores may be tolerated in our neighborhood, large carni-
vores generally are not. As a consequence of conflicts and fears, large carnivores are
often excluded from cultivated landscapes, even if the ecological conditions, e.g.
wild prey availability, would allow their presence. Large herbivores, such as wild
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boar (Sus scrofa), moose (Alces alces), and nilgai (Boselaphus tragocamelus), reach
peak densities in mixed and multiple-use landscapes where they would be perfect
prey for wolves or tigers. If predation is considered a conservation goal or a part of
herbivore management, then appropriate predators should be maintained on all
landscapes inhabited by their prey species. If we learn to mitigate the conflicts
(Chapter 14), we cannot only increase the ecological viability, but also use the
cultivated landscapes (even if they would host carnivores below the ecological
carrying capacity density) as corridors between protected source populations,
increasing demographic and genetic viability.

Although the concept of MVP has received considerable attention over the past
three decades, the practical use of PVAs for carnivore conservation is limited. At
present, even in the rare cases when threatened carnivore populations receive
proper attention and funding for conservation, MVP sizes in the 100s or 1000s
are often already illusory. Furthermore, the willingness to conserve charismatic and
problematic species, such as tigers, wolves, or brown bears, does not depend on the
quantified probabilities of their survival as much as on societal and political
considerations. Relying on, or insisting in, theoretical MVP numbers is not
practical, and is sometimes counterproductive, when developing pragmatic conser-
vation objectives in a participatory process with partners, or when ranking species
or populations regarding their conservation importance.

In the end, nevertheless, practical benefits of using PVAs and viability concepts
do exist for conservation planning:

1. Used appropriately, correcting for poor data, PVAs can be valuable for
exploring which parameters and sensitivities should be used to rank the
importance of threats and to define priorities for conservation actions and
research.

2. MVP considerations should be used as broad references to set long-term
goals for the sizes and shapes of (meta-) populations and to define the spatial
scale for achieving long-term conservation goals. In general for carnivores,
conservation practitioners underestimate the required population sizes and
special scales. Estimating population sizes and spatial scales, however, re-
quires reliable, long-term datasets.

3. Ecological viability should always be considered in carnivore conservation, in
addition to demographic and genetic viabilities, to avoid saving a species
without its key ecological functions. This concept requires maintaining
predation as a selective process and also requires developing multilevel and
meta-population concepts with protected source populations connected
through managed (sink) populations.
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17.2 Identifying and delineating carnivore conservation units

The variety of theoretical models and legislative terms for conservation units
presently used is confusing. Scientific concepts partly overlap but also differ in
essential points, whereas terms used in legislation or international treaties some-
times lack (biological) definitions. Many terms were born out of the necessity to
define distinct, situation- and landscape-specific conservation units below the level
of species or subspecies, as listed in laws and treaties. With the exception of viable
populations living entirely within protected areas (a rare situation for carnivores),
the definition of conservation units always includes the following components: (1)
a biological entity (species, subspecies, population), (2) an assessment of cultural
and political constraints and opportunities, and (3) the (spatially explicit) transla-
tion of these analyses into a geographic unit. These steps do not represent a
chronological order; the geographic unit may be the first and easiest to identify.
But, finally, for the implementation of conservation actions and management
principles, a concrete map is needed.

17.2.1 Choosing biological entities

Biological entities addressed by legislation are typically species or subspecies. The
myriad international treaties, such as the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES) and the Convention on
Biological Diversity (CBD), and important national laws, such as the US
Endangered Species Act (ESA), all include lists of protected or endangered species
and subspecies. National legislation often protects a specific list of species “and
their living space,” but some modern laws also address varieties or distinct popula-
tions (Allendorf and Luikart 2007). Identifying species is only rarely a problem for
the Carnivora, e.g. the debate on the specific status of the Algonquin wolf Canis
(lupus) lyacon (Kyle et al. 2006), or the golden jackal Canis aureus lupaster in Egypt
that may be a wolf (Rueness et al. 2011). The identification of intraspecific units
for conservation, however, is a challenge though a clear necessity for all species with
wide distributions, many distinct populations and large dispersal distances. The
tradition of basing subspecies on morphological differences and (often incomplete)
reproductive isolation, results in an immense and confusing number of carnivore
subspecies (see, for eaxmple, Wilson and Reeder 2005). Over-splitting was com-
mon in traditional carnivore taxonomy: for the puma (Puma concolor), molecular
genetics approaches reduced subspecies from 32 to 6 (Culver et al. 2000), for the
leopard (Panthera pardus) from 27 to 9 (Uphyrkina et al. 2001), for the wolf from
more than 30 to fewer than 10 (Nowak 2003). Over-splitting can lead to wasting
conservation resources (Allendorf and Luikart 2007) or impeding pragmatic
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conservation measures. In addition, traditional designation of subspecies can fail to
recognize valuable, local populations. The decline and critical status of the distinct
subspecies of Eurasian lynx (Lynx lynx martinoi: Mirić 1978) in the south-western
Balkans, was ignored for decades because the phylogenetic distinctiveness of this
local population was not recognized (Breitenmoser et al. 2009).

A current approach for defining intraspecific conservation entities based only on
biological traits is to identify evolutionarily significant units (ESU), defined as
populations or meta-populations of special conservation interest because of their
genetic or ecological distinctness. Ryder (1986) first used this term but the review
of proposed definitions by Allendorf and Luikart (2007) found three underlying
concepts pertinent to evolutionarily significant units: (1) long-term reproductive
isolation (generally hundreds of generations) and ecological and adaptive unique-
ness, representing a reservoir of genetic and phenotypic variation potentially
important for future evolution (Waples 1991); (2) reciprocal monophyly for
mtDNA and significant divergence of allele frequencies at nuclear loci (Moritz
1994); and (3) ecological and genetic exchangeability (Crandall et al. 2000),
meaning that individuals from different populations of the same ESU are ecologi-
cally and genetically so similar that they can be exchanged without any reduction in
fitness. For carnivores, considering the concept of ecological viability, concept (3)
should include that they can be exchanged without altering their selective impact
on prey.

The concept of an evolutionarily significant unit sometimes collides with
presently described subspecies. A proposal to augment the almost extinct leopard
population in the northern Caucasus through translocation of Persian leopards
(Panthera pardus saxicolor, Pocock 1927) from the southern edge of the range was
challenged because the leopards in Russia were described as distinct subspecies P. p.
ciscaucasicus (Satunin 1914; Lukarevsky et al. 2007). IUCN encourages the as-
sessment and listing of subspecies in the Red List (www.iucnredlist.org) but
over-splitting can be a considerable constraint for conservation, especially for
augmentations and reintroductions. Indeed, the term “evolutionarily significant
units” was coined because current mammalian taxonomy, especially subspecies,
seldom represents significant adaptive variation (Ryder 1986). Recent definitions
of subspecies include such criteria as that individuals belonging to a subspecies
must share a geographic range, a set of “phylogenetically concordant phenotypic
characters,” a suite of molecular genetic similarities, and derived adaptations
relative to other subspecies (O’Brien and Mayr 1991; Waples 1991; Culver
2009). These rules result in a high degree of similarity between subspecies and
evolutionary stable units for carnivores. This result would be highly desirable for
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practical conservation work, as the subspecies concept appears simple and is
broadly used in legislation, conventions, and red lists.

How do subspecies or evolutionary stable units relate to populations or meta-
populations? Populations, as ecological functional units, may show significant
adaptive differentiation to ecological niches and represent potential evolutionary
lineages (Frankham et al. 2002), but genetic differences between neighboring
populations do not, a priori, represent significant adaptations. Anthropogenic
fragmentation of landscapes has split many closed distribution ranges of carnivores
into isolated populations, and differences observed in the new populations may be
the result of a segmented (genetic) cline, inbreeding depression, genetic drift or, in
special cases, hybridization.

The discussion of local adaptation for these population usually lacks sufficient
(molecular genetic) information. In the Trentino region of the Italian Alps, some
brown bears survived and had a high symbolic value as the only surviving brown
bear population in the Alps since the early twentieth century. Since the 1970s,
augmenting of the declining population with individuals from the nearby Dinaric
population has been discussed. Specific behavioral features, such as a pronounced
shyness (H. Roth, personal communication), however, indicated some local adap-
tation, resulting in a lasting debate over the adaptive uniqueness of this remnant
population. The dispute was indeed about the obvious risks of inbreeding depres-
sion versus the hypothetical risk of outbreeding. Finally, in 1999–2002, after many
years without signs of local reproduction and only 2–3 bears surviving in the wild,
10 bears from the Dinaric population were released in the Trentino area (Mustoni
et al. 2003). The population is now growing, but all young bears are offspring of
translocated individuals (De Barba et al. 2010). None of the indigenous “Alpine
bears” have contributed to the re-emerging population. Hence the “augmentation”
was genetically a reintroduction. Earlier action might have saved part of the
supposed “adapted Alpine gene pool.” In this case, the discussion over adaptive
uniqueness disguised the awareness of critical threats (e.g. inbreeding). The sym-
bolic value of the last Alpine bears promoted the belief in their (genetic) unique-
ness, and the controversial dispute among scientists helped to delay political
decisions.

Gebremedhin et al. (2009a) predicted that, in the near future, adaptive genetic
variation will become an increasingly important topic of conservation genetics and
noted that “preserving local adaptations must be a major goal of conservation.”
Further, Festa-Bianchet (2009) specified that both “taxonomy and conservation
require a holistic approach, considering genetics, morphology, ecology and, above
all, evidence of local adaptation” (italics added). This last point is clearly a
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considerable challenge and, in the case of the Alpine brown bears, such evidence
was anecdotal at best.

In reality, defining conservation units is often simpler than theory implies,
because the choice is limited to a definite number of practicable options. For
saving the Alpine brown bear, the true question was not what to do, but when to do
it. The Florida panther (Puma concolor coryi) presents an example of successful,
though also highly controversial, population level management where the genetic
introgression from released female pumas from Texas (P. c. stanleyana) improved
kitten survival (Hostetler et al. 2010).

17.2.2 Socio-political considerations

The broad agreement for defining conservation units on an intermediate level
between species and populations lacks consensus on how to do it. Part of the
problem is that a purely biological definition collides with socio-political con-
straints, with cultural and economic demands, and with requirements of the real
world. Theoretical concepts mean nothing to local people who must live with
carnivores impeding their way of living. Wildlife biologists assessing conservation
needs in a scientific, value-free process tend to regard themselves as objective and
neutral. Local people, however, often consider these theorists as part of the
problem rather than part of the solution.

The US Endangered Species Act protects not only species and subspecies, but
“any distinct population segment of any species.” The intention was to enable the
US Fish and Wildlife Service to list important populations and to “tailor manage-
ment practices to unique circumstances and grant varied levels of protection in
different parts of a species’ range” (Pennock and Dimmick 1997). In the 1990s,
distinct population segments were interpreted as evolutionary stable units. Pen-
nock and Dimmick (1997), however, argued that such a redefinition would
restrain conservation and management options because the original definition of
distinct population segments also considered (in contrast to the biological ESU
concept) demographic and behavioral information, and non-biological aspects
such as cultural, economic, and geographic justifications. In a human-dominated
world, the definition of conservation units cannot be based on a biological
assessment alone. The EU Habitats Directive introduced the concept of Favour-
able Conservation Status (FCS), defined through the Favourable Reference Range
and the Favourable Reference Population, to be applied on the level of member
states. As is usual for legislation ranging from lichens to lynx, an ongoing debate
ensued on how to interpret these terms. In an attempt to make this concept
functional for large carnivores, Linnell et al. (2008) concluded that favorable
conservation status includes both demographic and genetic viability and recognizes
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the importance of ecological viability. As a consequence, the concept of favorable
conservation status is, for species such as wolf, brown bear, and Eurasian lynx, not
practical to be applied on a national level because, for most European countries,
both reference range and reference population would not be viable. Furthermore,
large carnivores generally live in cross-border populations, because favorable habi-
tats are found most often along international boundaries. In Europe, large carni-
vore conservation units meeting the favorable conservation status requirements will
be (meta-) populations stretching over several countries, but managed under
common objectives and a set of agreed rules (Linnell et al. 2008).

Integrating biological needs and socio-political considerations into a carnivore
conservation unit will eventually result in a diversified management landscape,
where, in different parts of the unit, varied and specific management measures are
implemented (as for wolves in the Greater Yellowstone Ecosystem, Jimenez et al.
2010), but under the common goal of maintaining a demographically, genetically
and ecologically viable and phylogenetically genuine carnivore population. Main-
taining carnivores on a multiple-use landscape in coexistence with local people will
ultimately lead to graded management zones (Linnell et al. 2005a) and, hence, a
managed meta-population (Chapter 14; Figure 17.1).

MUL (sink)

MUL (sink)

(source)

PA
(source)

Translocation

Historic range

MUL (sink)

Corridor

Barrier

Fig. 17.1 Spatial concept for a carnivore conservation unit in the form of a managed
meta-population MMP. The historic range of a taxon (dotted line) now consists of
unsuitable habitats (white), suitable multiple-use landscape (MUL, light grey) and
prime habitat (e.g. in protected areas PA). The protected core populations (dark grey)
are demographically viable, whereas the part of the population in the MUL may be
(artificial) sinks, but still grant the genetic viability and connect source populations. If
barriers prevent natural migration through corridors, genetic management is done by
means of translocations. As a whole, the MMP also maintains ecological viability.
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17.2.3 Geographic delineation

For practical conservation and management, conservation units must be trans-
ferred to real landscapes, no matter whether the units are based on broad assess-
ments of genetic, phylogeographic, ecological and cultural, human dimension, and
political concerns. When Gebremedhin et al. (2009b) identified the endangered
Ethiopian walia ibex as a distinct taxon (Capra walie) and conservation unit, they
used a combination of phylogenetics, population genetics, and ecological modeling
that translated genetic and taxonomic results directly into a geographic conserva-
tion concept. For carnivore populations that stretch beyond protected areas onto
multiple-use landscapes and across state borders, biological and socio-political
considerations must be expressed and visualized in spatially explicit maps. The
three levels of viability, demographic, genetic and ecological, are for most carnivore
species reflected by three different, spatial scales (Figure 17.1). Only in (endemic)
species with small and compact distribution ranges, such as the Chinese mountain
cat (Felis bieti), the Colombian weasel (Mustela felipei), and the Bornean ferret-
badger (Melogale everetti), are these three levels identical. If the distribution range is
fragmented, even if the total area is small, as for Iberian lynx (Simón et al. 2009), a
spatial differentiation is inevitable. The two remnant populations of the Iberian
lynx, in the Sierra Morena and in the Coto Doñana, though demographically
still viable, are genetically impoverished (Godoy et al. 2009) and must be
managed as one meta-population, even though they are geographically isolated.
For species with wide (e.g. continental) or very wide distributions (circumpolar,
intercontinental, e.g. wolves, brown bears leopards), geographical conservation
units cannot, obviously, be the total ranges, on the one hand for practical reasons
and on the other hand because global status does not justify local activities.
The leopard is Near Threatened at a global scale, but two subspecies
(Amur leopard P. p. amoyensis and Arabian leopard P. p. nimr) are Critically
Endangered (www.iucnredlist.org). These subspecies are the logical conservation
units. The geographic extensions of the two units, however, are totally different:
the Amur leopard exists as a closed population in about 2500 km² in the
Russian Far East (Pikunov et al. 2000), while the Arabian leopard is fragmented
into probably 13 small patches in four different countries (Spalton and Al
Hikmani 2006), distributed over a distance of nearly 4000 km along the mountain
chains of the Arabian Peninsula. Many carnivore conservation projects are not
justified by the threat to a species or subspecies but, rather, by the ecological
significance of a local population. This is the case for many reintroduction
projects, such as for Eurasian lynx in Western and Central Europe (Breitenmoser
and Breitenmoser-Würsten 2008; Linnell et al. 2009) or wolves in Yellowstone
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National Park (Smith and Bangs 2009). But, if a reintroduction succeeds, the
demographic and genetic viability of the population becomes a concern and calls
for the geographic delineation of a conservation unit. Even a protected area of
almost 9000 km², like Yellowstone National Park, cannot host a genetically viable
wolf population at length, and conservation and management planning must,
consequently, go beyond the park boundaries to the Greater Yellowstone Ecosys-
tem. In 2009, 96 wolves lived within the Park in Wyoming and 224 outside the
Park (Jimenez et al. 2010).

The Bengal tiger (Panthera tigris bengalensis), the most numerous of all remnant
tiger subspecies, is estimated to number 1920–2570 animals in India, Nepal,
Bhutan, Bangladesh, and Myanmar (www.globaltigerinitiative.org). The entire
population, however, is fragmented into many small patches across South Asia.
The single largest population in India is in the Western Ghats with 290 tigers.
Some of the isolated populations are so small (20 tigers in Simlipal, 24 in Panna;
Jhala et al. 2008) that their demographic survival is at stake. This situation is
primarily a consequence of poaching in tiger reserves in recent times and, therefore,
protecting core populations is the first priority (Walston et al. 2010). Nonetheless,
even maintaining Bengal tigers at their carrying capacities in the designated
protected areas will not secure their genetic viability in the long run, and tigers
will no longer play their ecological role as top predators. A forward-looking strategy
is the concept of “tiger conservation landscapes” (Dinerstein et al. 2006; Sanderson
et al. 2006), where core areas and buffer zones are linked with habitat corridors,
allowing conservation of the ecological requirements of tigers as well. In all, 76
tiger conservation landscapes have been identified (40 in the historic distribution
range of the Bengal tiger) using a thorough GIS-based analysis, resulting in a
spatially explicit conservation concept (Sanderson et al. 2006). This concept is
similar to the managed meta-populations presented in Figure 17.1.

The combination of the three concepts of viability allows a meaningful and
practical definition of geographic conservation units. Demographically viable core
subpopulations act as sources for the surrounding, multiple-use landscapes and for
the areas and corridors connecting the subpopulations. Core zones may be pro-
tected areas but, for large carnivores living at low densities, demographically
meaningful source populations will often live across larger areas. Multiple-use
landscapes, where a variety of economic activities, such as livestock husbandry,
logging, hunting, etc., take place, may offer favorable ecological conditions for
carnivores, but coexistence with people may require that carnivore population
density is kept below the ecological potential. These parts of the population
might even be (temporary) sinks, but will still be important for maintaining
the genetic viability and to support the corridors. Carnivore densities in the
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multiple-use landscape may not be at their ecological carrying capacities but should
be sufficiently high to grant ecological viability. Local land-users, such as livestock
breeders and hunters, are often willing to accept the presence of carnivores, if their
abundances are limited to agreed levels (Chapter 14). In situations where main-
taining or recreating corridors that allow natural migration is impossible, the
genetic viability of isolated subpopulations must be managed through regular
translocation of individuals. Maintaining such subpopulations is justified for the
sake of the ecological viability and to preserve “backup populations.”

To identify and delineate a carnivore conservation unit, follow these con-
siderations:

1. A taxonomic and phylogenetic assessment is the first step to identifying
carnivore conservation units. A subspecies is often a good choice but some-
times the distribution range is too large to form one commonly managed unit
and, occasionally, over-splitting results in a too restrictive view that obstructs
the exchange of individuals for genetic management. In these cases, a
different evolutionarily significant unit (ESU) must be identified.

2. A purely biological assessment (as in the concept of an evolutionarily signifi-
cant unit) does not adequately reflect the complexity of carnivore conserva-
tion, especially regarding the ecological roles of predators and their conflicts
with human land use. A socio-political assessment must reveal where mem-
bers of a carnivore species can live and at what abundances they are accepted
by local people (Chapter 14).

3. Biological and socio-political considerations must be translated into a spa-
tially explicit geographic unit (Chapter 14). The resulting map outlines a
managed meta-population with (protected) core areas (source populations),
multiple-use areas where a set of management rules are applied, possibly
leading to a lower density (sink populations), and several subpopulations
inter-connected or jointly managed through translocations. The whole meta-
population allows maintaining the genetic and ecological viability of the
identified evolutionary significant unit.

17.3 Designating and establishing carnivore conservation units

Phylogenetic analyses allow biologists to identify the biological unit of a carnivore
species to be conserved, and habitat modeling allows its visualization in form of a
hypothetical but spatially explicit map. Such academic exercises are useful only if
they are transformed into a realistic conservation plan accepted by local people and
endorsed by the relevant governmental institutions. Political considerations go
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beyond managing populations across borders between states with differing wildlife
management traditions and laws. It includes foremost mitigating conflicts between
human interests and the conservation of carnivores. The contemporary, relatively
strong legal protection of carnivores provides a top-down framework for their
conservation. But even where protective laws are a result of a democratic process,
they may not represent local opinion or have the support of all interest groups,
particularly local land-users. Law enforcement in carnivore protection is difficult
and, worldwide, generally weak; effective and sustainable conservation of conflict
species requires the support of local people and implies considering their opinions
and needs in a bottom-up approach. Public involvement is needed at a very early
stage and the final designation of a carnivore conservation unit should be done in a
participatory process.

A number of conservation planning approaches, both for species and areas, have
been developed and used (IUCN/SSC 2008 provides an overview). The Species
Survival Commission (SSC) of IUCN emphasizes that strategic planning for species’
conservation requires a multi-stakeholder participation, including species’ specialists
(scientists), range state governments, regional politicians, and members of local
communities (IUCN/SSC 2008). After a scientific-technical review of the species’
or population’s status and of the human dimension situation (threats, conflicts,
policy, etc.), goals, objectives, and actions are defined in a participatory process,
including all groups that might be involved in, or affected by, the implementation of
the strategy. The guidelines for population-level management plans for large carni-
vores in Europe recommend a similar approach. Linnell et al. (2008) emphasized
that the participatory process is an integral part of the product (a conservation or
management plan in the form of a document and a map), and participants in the
process should have some real influence on that product. The room to maneuver in
management plans is tight, however, as national and international legislation set clear
preconditions. Public involvement is usually organized in the form of workshops
with participation of all important interest groups. As an input to these workshops,
documents or maps summarizing the biological analyses are helpful, but they must
be presented as baseline information or as proposals. Local people should be involved
at all stages of the planning process, but the large geographic scale of some carnivore
conservation units sometimes requires splitting the process into several steps. For the
conservation of leopards in the Caucasus ecoregion, for example, a group of experts
first produced a status review and situation analyses including a map with the
potential distribution (IUCN/SSC Cat Specialist Group and WWF 2007). This
report was used in a workshop where representatives from all six Caucasian countries
developed a conservation strategy (Breitenmoser-Würsten et al. 2007b). This strat-
egy again provided a framework for the development of national actions plans,
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together with local stakeholders. The freedom of the participants in the national
workshops was somewhat restricted through the instructions given by the Caucasian
strategy but, for practical reasons (e.g. language), organizing an international work-
shop with local participation would have been impossible.

A proposal for a carnivore conservation unit, based on thorough scientific
analyses and translated into a pragmatic, spatially explicit plan with the agreement
of local interest groups, has a higher chance to be endorsed and implemented than
one lacking such participation.

Establishing a carnivore conservation unit able to host several hundred to a few
thousand individuals, especially of large carnivores, can have considerable conse-
quences far beyond the conservation community. Implementation might require
adopting national legislation and changing land-use plans (e.g. designating new
protected areas, changing exploitation habits) or landscape-management measures
(creating corridors, improving habitat, recovering prey populations). The creation
and maintenance of the designated conservation unit must be monitored. Moni-
toring a managed meta-population is demanding and includes monitoring the
distribution and abundance of the target species in all subpopulations, monitoring
the genetic structure of the entire population and its subunits, and monitoring
ecological processes, this is, predation and its impact on prey. Furthermore, the
effectiveness of management measures must be monitored. In tiger conservation
areas, not only tiger numbers and the abundance of important prey species are
monitored, but also the efficiency of law enforcement (all supported by a software
tool called MIST, Management Information System; www.ecostats.com). Under-
standing why a carnivore population changes is critical for assessing the correctness
of the management plan.

Monitoring is a prerequisite for an adaptive process. No carnivore conservation
unit can (or should) be designed to last forever. Given the complexity of designat-
ing and conserving a managed meta-population of carnivores, and the assumed
conflict potential, both the conservation unit and the management plan must be
explicitly changeable through an adaptive approach. Revision and the revision
process must be part of the plan. Achieving the conservation targets may require
reshaping the conservation unit but, more importantly, a consensus with local
people is easier to reach if they know that they will be involved continuously.

To put a carnivore conservation unit into practice and to make it operational for
the long-term maintenance of a carnivore meta-population, respect the following
points:

1. After a thorough analysis of the situation, relevant governmental authorities
and local people must be involved in the designation of the carnivore
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conservation unit. A participatory process is required to gain the support of
local stakeholders, the political endorsement, and the subsequent establish-
ment of the conservation unit.

2. Creating and maintaining a managed meta-population of several hundred to
a few thousand carnivores requires monitoring the population (distribution,
abundance, dynamic) and its genetics, and monitoring ecological processes
and the public attitude (conflicts).

3. Designing a carnivore conservation unit is an adaptive process. Changes of
the unit or the management plan may be needed to respond to results from
monitoring or changes in local conditions. The option of revision is impor-
tant for continuous support from local communities.

17.4 Final thoughts

Biodiversity conservation is more than protecting species or sites, although these
two approaches are still mainly represented in our legal frameworks. Holistic
conservation includes protecting existing patterns of diversity and the processes
that generate diversity, which are the prerequisites for future adaptation and
evolution. The necessity to go beyond protecting species and areas has given rise
to a number of theoretical concepts and their legislative expressions that are
difficult to interpret. If we narrow the scope to a certain group of species (the
carnivores) or to a particular problem, the situation is less complicated because we
face a reduced complexity and a limited number of options. Nonetheless, carnivore
conservation is complex because it requires preserving habitat and prey, solving
conflicts with human land-use, and extending areas for viable population. We fail
to conserve carnivores almost never because we lack scientific understanding or
concepts, but because we are not able to implement these concepts in the real
world, where scientific and biological models need the support of politicians and
local people. We need to make complex scientific ideas and cryptic legal language
functional and easily understood.

The concept of a managed meta-population allows the integration of most of the
requirements for a carnivore conservation unit. It is relatively simple and clear
because it can be demonstrated on a real map, and it is negotiable and adaptable. It
requires involving all interest groups when designing and changing the zones or the
management rules in a given zone. Under a managed meta-population concept, we
can secure all levels of viability (demographic, genetic and ecological) of an
identified carnivore conservation unit. We can also maintain a continuous and
concrete dialogue among scientists, politicians, conservationist, managers, and
local land-users.
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